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ABSTRACT 
The specific heat capacity at constant pressure C of a ferromag­p 
netic solid is assumed separable into six contributions - that due to 
the dilation of the lattice Cd, that due to the harmonic oscillations 
of the atoms Cvh' that due to the anharmonic oscillations of the atoms 
eva' that due to changes in the energy distributions of the electrons 
eve' that due to .changes in the magnetic coupling among the electrons 
c vm' and that due to atomic rearrangements c . Expressions appearing vw 
in the literature for these contributions , which are assumed to be 
independent, are reviewed and the validity of each is discussed . 
Specific heat capacity measurements performed in one of two pulse 
calorimeters are presented for iron, nickel, and ordered and disordered 
Ni3Fe from 300 to 1400 K. Pulse Calorimeter II, having been developed 
during this research, is described in detail . Primary attributes of 
this apparatus are accurate and simultaneous measurement of the specific 
heat capacity ( ±1 . 05�) and electrical resistivity ( ±0 . 48�) at tempera-
ture intervals of 0 . 2  degree while the specimen is heated 100 to 
600 degrees above its initial temperature at rates of 5 to 60 degrees/ 
second . All specimens are in the form of rods ( 0 . 3-cm nominal diameter) 
and are of purity greater than 99. 8�, contain no voids , and have a 
minute trace of second phase - possibly an oxide . 
Comparison of the C values on nickel and iron with those in the p 
literature indicates two regions of significant disagreement - at high 
temperatures and near the Curie temperature T of each. Both of these c 
discrepancies are attributed to experimental errors in thermometry 
vi 
vii 
and/or methodology. Examples for nickel and iron encountered in this 
work are given to illustrate these errors. 
Express ions for C d' C h ' C , and C are chosen from the litera-v v va ve 
ture and used in conjunction with the C data of this investigation to p 
calculate C of nickel and iron as a function of temperature T .  Some vm 
of the parameters requisite to these expressions are taken from the 
literature and some are obtained from the data treatment . The latter 
parameters are found to be in reasonable agreement with theory. The 
C values calculated for nickel and iron are within experimental error vm 
of literature values based on experimental calculations . Appropriate 
integrations of the C : T  relationships yield values of the magnetic vm 
energy U and entropy S which are in agreement with experimental and vm vm 
theoretical treatments of the literature for both materials . Values of 
the discontinuity � in C at the Curie temperature T agree with vm vm c 
theoretical predictions for this second-order transformation . Plots of 
Cvm for nickel and iron versus log1o i T - Te l do not demonstrate the 
behavior expected of critical phenomena . 
The C of Ni3Fe is found to be a function of the thermal history p 
and temperature of the specimen and of the experimental heating rate 
for temperatures between_750 and 1050 K.  Below 750 K, the C decreases p 
as the long-range order of the alloy increases . From theoretical inter-
pretations of C data of this investigation for ordered and disordered p 
Ni3Fe between 1 . 2  and 4 . 4  K, this change is attributed to a decrease of 
the density of electron states and to an increase of the Debye tempera-
ture upon ordering . Use of rapid heating rates allows measurements on 
viii 
ordered structures of Ni3Fe at temperatures where they are metastable . 
These  measurements reveal that the Curie transformation for a highly 
ordered metastable structure of Ni3Fe is 70 degrees above that of the 
disordered structure and that the order-disorder transformation can be 
suppressed to temperatures 230 degrees above the equilibrium transforma­
tion temperature using heating rates of 60 degrees/second . In spite of 
this suppression, it is possible to calculate C only for the dis­vm 
ordered structure of Ni3Fe because the ordered structures could not be 
maintained to high enough temperatures for completion of the Cvm 
analysis . 
The C : T  relationship for the disordered structure is obtained in vm 
a manner analogous to that for nickel and iron . Values of U and S vm vm 
found from these calculations are in excellent agreement with theoreti-
cal predictions, whereas the � value is not . The energy associated vm 
with transforming completely ordered Ni3Fe to completely disordered 
Ni3Fe at the equilibrium temperature is calculated . Only estimates of 
the entropy of this transformation could be made s ince the transforma-
tion is carried out in an irreversible manner . These values of the 
energy and entropy are within experimental error of those found in the 
literature . 
Recommendations for further research are listed. 
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INTRODUCTION.AND LITERATURE REVIEW 
Use and Definition of Specific Heat Capacity 
According to the first law of thermodynamics,  absorption of a 
quantity of heat dQ by an isolated substance at constant volume V results 
in an equivalent increase of dU in its internal energy . When this 
energy change is accompanied by a change dT in the temperature of the 
substance,  the ratio of the heat added per mole of substance to the 
temperature change is defined as the specific heat capacity at constant 
volume 
C dQ "\ _ ( dU "\ Cv = dT /v - dT � • (1) 
The quantity C is an intensive property of the substance and its deter­v 
mination as a function of temperature is of immense fundamental interest . 
For example ,  a change in internal energy of a substance is  caused by 
changes in the translational, rotational, vibrational, electronic,  and 
nuclear energy of its atoms . If one then derives a theoretical expres-
sion for the temperature dependence of each of these energy forms as 
well as their interactions , partial differentiation with respect to 
temperature of the sum of these expressions yields C by Equation ( 1 ) .  v 
Comparison of these calculated values with experimentally determined 
ones allows a quantitative test of the theories employed .  One of the 
goals of this work was to examine such comparisons on solid ferromagnets ,  
. namely nickel,. iron, and nickel-iron alloys. 
1 
2 
Unfortunately, it is very difficult to measure C directly for 
v 
solids. Normally, the specific heat capacity C
p 
at constant pressure P 
is determined. Using the first law and the definition of the specific 
enthalpy H, C
p 
is given by 
C = ( � ) = ( dU + P d V j' = ( dU + d ( PV )  = ( dH \ ( 2 ) 
p dT p dT p dT p dT )p 
At the absolute zero of temperature, C and C are equal to zero. How-
p v 
ever, as the temperature is raised the solid expands under the condition 
of constant pressure but does not under the restraint of constant volume. 
The temperature derivative of the internal energy change associated with 
this expansion of the solid is called the dilation contribution C
d 
to the 
specific heat capacity and is equal to the difference between C and C ; 
p v 
that is, 
c = c - c 
d p v 
( 3 )  
An expression for C
d 
in terms of other physical properties of a solid is 
discussed in detail later. 
Besides the example given above, there are many uses, both applied 
and fUndamental, for C and C data. Many of the applied uses are asso-
p v 
ciated with heat transfer calculations that require temperature-rate-of-
change predictions of a transient process. On the other hand, specific 
heat capacity data are often used to extrapolate various thermodynamic 
properties, such as enthalpy and entropy, from a temperature at which 
they are known to some other temperature of interest. Other examples, 
which are of particular interest in this work, are the use of C data to 
p 
3 
ob tain the energetics of configurational and magnetic ordering transfor-
mations. The behavior of the C :T and C :T relationships near the trans-p v 
formation temperature is considered below. 
Designation of the Order of a Transformation 
At many transformations, such as allotropic transformations, a 
solid absorbs heat and raises its internal energy isothermally. Due to 
the definitions of Equations (1) and ( 2), C and C are undefined at the p v 
transformation temperature T • In addition,  C and C are discontinuous 0 p v 
at T ; that is, the specific heat i s  different in the limit as T i s  0 0 
approached from above and below.  There also exists another class of 
transformations, such as a transi tion from the ferromagnetic to para-
magnetic state , that has a discontinuous specific heat capacity at T 0 
but that occur s  over an extended temperature interval, instead of iso-
thermally. The former transformations are classified as "first order" 
and the latter as "second order." 
The classification of the order of a transformation is based on the 
following thermodynamic argument given by Pippard1�� and attributed 
originally to Ehrenfest. The specific Gibbs free energie s G of two 
phases of a pure sub stance in equilibrium are equal . Therefore, the 
func tion G( T) is continuous at any transformation, but the derivatives 
of G with respect  to pre ssure P and absolute temperature T need not be. 
These derivatives for ei ther phase can be written as · 





(7 )  
and 
( 8 )  
where K i s  the isothermal compressibili ty and a is the volume tric coef-
ficient of expansion . If the specific volumes V and specific entropies 
S are different for the two phases at T0, then ( �g )p and ( �� )T are 
discontinuous at T • This is called a first-order transformation. 0 
Note that for this case all higher order derivatives of G are also dis-
continuous at T , and hence C must be discontinuous at a first-order 0 p ----
transformation. Suppose that V and S are continuo us but that c 02G ) , 
oT2 P C 02G ) and ( �) are discontinuous at T0• Then C ,  a, and K oP2 T' TP P,T p 
are discontinuous at T , and this is called a second-order transformation . 0 
Consequently, C and C are discontinuous at both first- and second-
p v 
order transformations. However,  near a first-order transformation, Cp 
and most other physical properties usually do no t change rapidly . That 
is, the physical properties normally give no hint of the drastic change 
which is abo ut to occur .  On the other hand, C and many physical p 
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properties change very rapidly at temperatures  above and below a second-
order transforma tion. In fact, the C :T relationship for this type tran­
p 
sition is normally in the shape of the Greek le tter A wi th the maximum 
occurring at T . For this reason, second-order transformations are 0 
often called "lamba transformations. " Determinations of rapidly varying 
C :T relationships are very demanding on experimental methods. Hence , p 
measurements of C near T of first-order transformations are much more 
p 0 
accurate and straightforward than those near T of second-order ones. 0 
(This is disc ussed in Chapter III. ) 
Contributions to the Specific Heat Capacity Cv 
Expressions for the specific heat capacity at constan t volume Cv 
can be derived theoretically by considering the atomistic mechanisms 
associated with internal energy changes of a sub stance . Since Cv 
is the 
sum of the first temperature derivative of the internal energy of each 
of the se mechanisms and their interac tions, C can be expressed as 
v 
C =Cvt+ C  +C +C +C . +C + C  , v vr vn vw v1 vv ve 
where 
c
vt = contribution of 
translational motion of atoms, 
c = contribution of rotational motion of atoms, vr 
c = contrib ution of nuclear structure changes ,  vn 
c = contribution of rearrangement of atoms, vw 
c vi = contribution of interactions of above mechanis ms, 
c = contribution of vibrational motion of atoms, and vv 
c ve = contribution of elec tromic structure changes, 
( 9 )  
6 
Consider each of these contributions for a solid sub stance . Since the 
atoms of a solid are bound together on a relatively rigid lattice,  little 
translational and rotational motion of the atoms occurs. Hence, the first 
two terms of Equation ( 9 )  may be neglec ted. Like wise, the nuclear contri-
bution C is also negligible above about 10 K. ( The symbol K stands vn 
for degrees kelvin . ) However, at temperatures near absolute zero C vn 
become s quite large for some solids such as cobalt and is proportional 
The term C is a "catch-all� quantity and is used here to de scribe vw 
contributions due to transformations such as configurational ordering 
and vacancy or divacancy formation . Because most of the se transforma-
tions depend principally on atom diffusion, they are usually unimportant 
belo w 400 K. In prac tice J C is also considered to include contributions vw 
·
due to first-order transformations which occur over an interval of tern-
perature during measurement because of the slow kinetics of the transfor-
mation and/or because of the rapid temperature change encountered during 
measurement. Of course to be meaningful, contributions of this type must 
be converted by thermodynamic reasoning to a change in internal energy 
6U at the transformation temperature T0• 
The contribution C . due to the interaction of the various mechanisms Vl 
is very diffic ult to assess. Normally, C
vi 
is assumed to be neglig ible; 
some times, ho wever, changes are made in the expressions for the other 
mechanisms to validate this assumption. This is particularly true of 
alloys which posse ss both configurational and magnetic ordering. For 
7 
these alloys, C can be accurately predicted by allowing C and C to v w � 
be a function of the configurational state of the alloy, as discussed 
below. 
Wi th the assumptions outlined above, Equation ( 9 )  reduces to 
C
v
=C + C  + C . � ve vw ( 10) 
Consider now the two quanti ties Cvv and C which have not been disc ussed. ve 
The term C is the elec tronic contribution and is negligible for almost 
ve 
all insulators and is very small for most metals. For example, C for 
ve 
copper at 1000 K is about three percent of C
v
. However, for transi tion 
metals the electronic contribution is much larger, amounting to about 
twenty-five percent of the total at the melting point of nic kel. An even 
larger electronic contribution is that due to the Curie transformation 
a second-order transformation from the ferromagnetic to paramagnetic 
state . For iron, C is about seventy-five percent of C
v 
at the Curie ve . 
temperature T . In prac tice, the magne tic part  of the electronic centri­
c 
bution is considered separately and denoted as C • vm 
At low temperatures, the normal mode s of vibration of the atoms of 
a solid may be considered to be in harmonic oscillation, and thus have 
potential energies that vary as the square of their displacements from 
their equilibrium positions. As the temperature is increased, anharmonic 
oscillations are introduced whose potential energies vary as the third 
and fourth power of their displacemen ts. Consequently, the vibrational 
contrib ution C
� 
is considered as the sum of an harmonic C
vh 
and anhar­




( 11 ) 
Contributions to the Specific Heat Capaci ty C 
--------------------�------------�-�--��p 
The contributions to the specific heat capacity at constant pre s-
sure C are precisely those 
p given in Equation 
( 11 ) plus that due to the 





+ C  + C  + C  + C  p v va ve vm vw ( 12 ) 
Some times it is  convenient to consi der C
d 
as being the sum of several 
contributions. In particular, the dilation contribution c�, which does 
not include the contribution due to the magnetic transformation, yields 
another expression for C p 
C =C ' + C
h
+ C  + C  + C  + C  , 
p d v va ve pm vw ( 13 ) 
where C is  the magne tic contribution at constant pressure. The theo­pm 
retical expressions for each of the quantities of Equation ( 12 ) are 
considered individually below. In general, the se expressions are only 
approximations based on an assume d model for the particular contribution. 
Consequently, the expressions are subj ect to many qualifications, some of 
which are pointed out explici tly. 
Dilation Contribution Cd 
The dilation contribution to the specific heat capaci ty of solids is 
derived in most texts on thermodynamic s  and i s  given by 
( 14 ) 
In this expression, K is the coefficient of isothermal compre ssibility 
v = _ !_ c dV ) "' V dP ' 
T 
( 15 ) 
9 
and a is the volume tric coefficient of thermal expansion, which for iso-
tropic solids is related to the linear coefficient of thermal expansion 
a = ! ( dV ) = 3a = � ( d.t ) ' 
V dT p .t .t dT p ( 16) 
where .t is the length of the solid . 
Although the linear coefficient of thermal expan sion is known for 
some pure me tals over a wide range of temperature,  few values  of K are 
available except at room temperature and below. For this reason, one of 
two approximations is normally employed to obtain C
d
. The first was 
proposed by Grlineisen2 during his development of an equation of state 
for solids assuming central-force interac tions of atoms. Gruneisen ' s  
approximation state s that the quanti ty 
av y = � 
g 1\.\Jv 
(17) 
should be a constant with temperature, having a mean value of 1 . 8  for 
most substances. Thus the dilation contribution may be rewritten as 
c
d 
= c y aT = 3C y ag T  • 
v g  v g ""  
( 18) 
In the Nernst-Lindemann3 approximation, a similar but empirical ratio has 
been found to be constant with temperature and is given by 
( 19) 





Equations (18) and ( 20) for C
d 
are only approximations and hence 
subj ect to error. For most metals, this contribution is a maximum at 
the melting point, where it is of the order of 10% of the total . Conse-
quently, a 10� error in the calculation of Cd resul ts in about a 1% error 
in Cv · 
Blackman4 pointed out that Gruneisen ' s  theory is not exac t, espe-
cially at low temperatures where y is not constant.  In particular, he g 
states that this approximation i s  of dubious value on materials, such as 
silicon, which have negative coefficients of linear thermal expansion . 
Frasier and Halle tt5 have measured at for copper, gold, silver, iron, 
nic kel, and aluminum and used literature value s of C and the adiabatic . p 
compressibility K to calculate y as a func tion of temperature from 4 s g 
to 300 K. 
because 
In terms of 1( , Grlineisen ' s  constant is 
s 
1( = _ !. ( av ) = cv '< . . s v oP 8 c p 
( 21) 
( 22) 
Their results show that, for temperatures above one-fourth the Debye 
temperature, y is essentially a constant for the metals investigated. 
g 
Below this temperature, striking deviations occur from a constant value 
of y • 
g 
The validity of the Nernst-Lindemann approximation has been tested 
by Chang and Hultgren6 for copper and a brass using their measurements 
of the compressibili ty from 77 to 800 K and literature value s of a and 
11 
C , Their results show that this approximation is  very adequate for p 
these two materials .  Using data available in the literature for zinc , 
indium, aluminum, lead, and tin, they found that the Nernst-Lindemann 
equation tends to overestimate the dilation contribution near the melt-
ing points of these metals . On the other hand, Singh and Verma7 found 
that this approximation underestimates  Cd of tungsten from 300 to 2100 K. 
They relied on literature values for all the required quantities . 
In the vicinity of the Curie transformation of ferromagnets ,  the 
difficulties in calculating an accurate dilation contribution are com-
pounded due to the rapid variation of all the quantities in Equation ( 14 ) . 
Also, the validity of the two approximations is questionable near the 
Curie temperature T • In fact, the Grlineisen expression cannot be c 
applied because a theoretical expres sion is not available for Cv near Tc
. 
Braun and Kohlhaas 8 state that " • • •  the approximate formula of Nernst 
and Lindemann yields no reasonable results for ferromagnetic metals . "  
Undoubtedly this  rash statement was prompted by the abnormally high 
values of Cd obtained from Equation 
( 20 ) because of the large values of 
Cp near Tc . To test the validity of this statement reconsider the thermo­
dynamic expres sion for Cd in Equation 
( 14 ) , Expansion data of Nix and 
MacNair 9 predict a value of at for magnetic nickel which is 20% higher 
than nonmagnetic nickel at T • Consequently, a2 should be 44% higher .  
. c 
Since the Curie transformation is  second-order, Equations (4 ) , ( 5 ) ,  and ( 7 ) ,  
page 4 ,  predict that V should be  continuous and K and at discontinuous at 
T
c
' The specific volume V is directly related to a� and thus should experi-
ence an increase near Tc . Therefore, if K has a maximum near T , it will c 
12 
tend to counteract the maximum in at. If on the other hand, K has a 
minimum at T , the dilation contribution would have a large maximum as c 
predicted by the Nernst-Lindemann as well as the Grlineisen approximations . 
Unfortunately, reliable values of K are not available for most high 
temperature ferromagnets such as nickel and iron, the materials of 
interest in this work . 
These difficulties near the Curie transformation have led some 
investigators to ignore the dilation due to magnetic transformation and 
to obtain C instead of C , as shown in Equation (13 ) . For example pm vm 
Tauer and Weiss l 0 state that the expres sion 
( 23 ) 
is adequate to account for the lattice dilation of a number of magnetic 
materials ,  where A had the constant value 1 . 0  X 10- 4 per degree . 
Kaufman, Clougherty, and Weis s 1 1 us ed this expres s ion in their investi-
tion of the lattice stability of iron and similar expres s ions have been 
used by a number of different investigators in analys is of the specific 
heat capacity of ferromagnets .  
Harmonic Vibrational Contribution Cvh 
In 1907, Einstein l 2 proposed the first relatively successful theory 
for the harmonic vibrational contribution Cvh to the specific heat 
capacity of solids . He as sumed that all atoms of a solid vibrate 
harmonically with the same characteristic frequency v and that their e 
energy is quanti zed and given by the expression 
hve 
U = exp(hv /kT) - 1 e 
( 24 )  
13 
where h and k are Planck ' s  and Boltzmann ' s  constants . For an iso-
tropic three-dimensional lattice consisting of one mole of atoms , 




C dU \ [ exp (hve/kT ) cvh = dT )v = 3R [exp (hve/kT ) - lF ' ( 25 )  
where R i s  the universal gas constant . As T becomes large the term in 
brackets in Equation (25 )  approaches one , yielding the Dulong and Petit 
value of 3R for Cvh at high temperatures . However, as T approaches zero 
Einstein ' s  theory predicts a Cvh which approaches zero too rapidly. 
This inadequacy is due to the assumption that all atoms vibrate at the 
same frequency. Nernst and Lindemann3 improved Einstein ' s  theory at low 
temperature by modifying it to include two frequencies ,  v /2 and v , e e 
which were assumed to be equally distributed among the atoms . 
To put this theory on firmer theoretical ground, Debye1 4 replaced the 
single Einstein frequency and the empirically assumed dual frequencies 
of Nernst and Lindemann with a spectrum of frequencies . The vibrational 
spectrum Debye chose was the parabolic one of an isotropic elastic contin-
uum because the more realistic spectrum which is obtained when each atom 
is allowed to vibrate independently necessitated detailed assumptions con-
cerning the coupling between atoms in the solid . However, the frequencies 
of an elastic continuum range from zero to infinity, whereas in a solid 
frequencies which correspond to wavelengths shorter than an interatomic dis-
tance are not realistic .  Hence it was necessary for Debye to introduce an 
upper limft to the spectrum. He accomplished this by showing that the 
14 
number of normal modes g ( � )d� whose frequencies range from � to � + d� 
( 26 )  
where B i s  a function of the longitudinal and transverse wave velocitie s 
in the continuum. Then he assumed that above a characteristic frequency 
�d the density of modes g ( � )  falls abruptly to zero . Since each atom has 
at most three degrees of freedom, there can be only 3N normal modes of a 
vibration per mole of solid, where N is  Avogadro ' s  number . Thus , inte­a 
gration over all the allowed modes of Equation ( 26 ) yields 
"d �d BV 3N = -J g (� )d� = J BV�2d� = -- �3 a 0 0 3 d ( 27 )  
Eliminating B by combining Equations ( 26 )  and ( 27 ) ,  Debye found that 
9N �2 
g ( � )d� = ___ a ___ d� • 
\)3 d 
( 28 )  
Based on Einstein ' s  quantization assumption and Equation ( 24 ) ,  the energy 
of a mole of such oscillators is 
( 29 )  
Differentiation of this expression with respect to T yields Debye ' s  
expression for the contribution of the harmonic vibration of the normal 
modes of the atoms of a solid to the specific heat capacity, namely 
J
�d �4exp(h�/kT ) 
o [exp (h�/kT ) - 1 ) 2  
d� • ( 30 ) 
15 
The more familiar form of Debye ' s  law is obtained using the parameter 
X = hv/kT ( 31 )  
and the Debye characteristic temperature 
(32 )  
in Equation (30 ) ,  yielding 
= 9R � J
xd x4exp(X) 
e� o (exp(X) - 1 } 2 
dX (33) 
At low temperatures Equation (33 )  reduces to the famous "Debye T3 Law" 
(34 )  
where S is (124 . 83/9d ) 3 when Cvh is in millij oules /gram-atom degree . At 
high temperatures a power series expansion of Equation (33) yields 4 
. x2 x4 x6 . 
Cvh = 3R c l - 2� + 5�0 - Hh14 + • . .  ) ' 
and becomes the Dulong and Petit value at very high temperatures .  
Nor.maily the integral and coefficient 3 ( T/9d )
3 of Equation (33 )  are 
called the Debye function, and the value of this function 
cvh = F ( Tje ) = 3 ( !.._ )3 Jxd x4 exp(X )dX 3R d d ed 0 (exp(X )  _ 1 } 2 
is tabulated to six place accuracy in Reference 15 . 
( 35 ) 
( 36 )  
Regarding the validity of Debye ' s  theory, Blackman4 states "Most, 
if not all, of the difficulties which have arisen in the comparison of 
Debye theory and experiment disappear when once it is conceded that the 
properties of the crystal, as distinct from those of the continuum, 
should be used . The vibrational spectra of crystals show such marked 
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differences from a Debye spectrum, that it is not surprising that 
deviations from Debye theory are found . On the contrary, what is sur-
prising is that the Debye theory should be such a good approximation . " 
In detail, Blackman finds two major discrepancies with the Debye 
theory . The first, and less serious , concerns the inability to repre-
sent the whole of the results using one Debye characteristic tempera-
ture . For example, Figure l ( a )  is a reproduction of a figure from 
Clement ' s 1 6 work in which his specific heat capacity measurements on 
indium were used to derive the temperature dependence of ed . Similar 
results are given by Blackman for a number of different solids, and the 
general trend is toward a constant value of ed at temperatures of about 
the Debye temperature and above . 
The second and major discrepancy between Debye ' s  theory and experi-
ment which Blackman points out is the difference in ed values calculated 
from specific heat capacities at low temperatures and those value s 
calculated from low-temperature elastic measurements .  Almost without 
exception the specific heat capacity Debye temperatures are lower . 
( Since Blackman published his fine review of Debye ' s  theory in 1955, 
better agreement has been obtained between C and elastic property mea-p 
surements of ed by considering additional contributions , such as spin-
waves , when analyzing the low-temperature Cp data for 9d . )  Both of these 
discrepancies are qualitatively explained by the various modifications of 
the Born-Von Karman theory. 
In order to obtain a more realistic frequency spectrum than the para-
bolic one of Debye, Equation ( 28 ) ,  Born and Von Karman1 7 visualized the 
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Figure 1 .  Discrepancies in the Debye Theory as Explained by the 
Born-Von Karman Theory. (a ) Measured Debye temperature ed versus tem­perature T for indium. (b ) Frequency spectrum g ( v ) for tungsten from 
application of the Born-Von Karman theory to bee lattice . The Debye 
spectrum for ed = 310 K is that of broken line . (c ) ed versus T com­paring results of the Born-Von Karman theory with experiment for silver 
(fcc ) . Note the qualitative similarities between (a ) and ( c ) . 
Source : (a ) Clement , J. R . ,  "Atomic Heat of Indium Below 20 °K, " 
Physical Review, 92 : 258-267 , October 1953 . (b ) Fine, P. c . ,  "The 
Normal Modes of Vibration of a Body-Centered Cubic Lattice , '' Physical 
Review, 56 : 355-359, August 1939 . (c ) Leighton, R . B. , "The Vibrational 
Spectrum and Specific Heat of a Face-Centered Cubic Crystal, " Reviews of 
Modern Physics, 20: 165-174, January 1948 . 
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atoms of a solid to be bound together by elastic forces which could be 
treated as though created by springs . This theory has been applied to 
the body-centered cubic (bee ) lattice by Fine1 8 and to the face-centered 
cubic (fcc ) lattice by Leighton . 1 9 Their models as sume central force 
interactions only between nearest and next-nearest neighbors , which they 
describe by the force constants a1 and a2, respectively. Figure l (b ) 
shows the frequency spectrum for bee tungsten according to Fine for 
a2/a1 equal to two-thirds . Also depicted is the Debye spectrum for ed 
equal to 310 K, the low-temperature specific heat capacity value . 
Note that the spectrum is below the Debye curve near the origin so that 
the specific he
.
at capacity near the absolute zero of temperature is 
lower than that of the Debye model for ed equal 310 K.  Hence the 
effective ed must be greater than 310 K, which accounts for the second 
of Blackman ' s  discrepancies .  
As the temperature is raised and higher frequencies are excited, the 
frequencies near the first peak of Figure l (b ) are activated, followed 
by those of the valley, then by those of the next peak . Thus, the 
resulting fUnctional �orm o� ad versus T should decrease initially, pass 
through a minimum, and then rise again with increasing temperature . 
Figure l (c ) shows the ed versus T plot for fcc silver derived by 
Leighton1 9 from a frequency spectrum similar to that of Figure l (b ) . 
Comparing Figure l (a ) and Figure l ( c ) , it is seen that this theory 
explains , at least qualitatively, the first discrepancy noted by Blackman . 
Of course, the Born-Von Karman theory, which is quite cumbersome to 
use, is only a highly sophisticated approximation to the spectrum of a 
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solid . Its reliance on elastic constant data to determine a1 and a2 
precludes its use at high temperatures at the present time . In the 
final analysis, what really is needed is an experimental determination 
of the vibrational spectrum of the atoms of a solid as a function of 
temperature . Such determinations can be made in principle by x-ray and · 
neutron diffraction and scattering techniques, but due to many experi-
mental complexities ,  this has not been done for iron and nickel at high 
temperatures . 
The lack of a completely satisfactory theory at all temperatures for 
the harmonic vibration contribution Cvh to the specific heat capacity 
seriously limits the quantitative interpretation of specific heat 
capacity data . This is true because for most solids Cvh is the dominant 
contribution from 10 K to the melting point . 
Anharmonic Vibrational Contribution C va 
The Taylor series expansion of the potential energy V(x) of a one-
dimensional oscillator about its equilibrium position i s  
V(x ) = V + c oV ) X + 4 c (j2V ) x2 + 4 c o3V ) X3 + 4 c o4V )"-, X4 0 ox 0 2 .  ox2 0 3 .  ox3 0 4 .  ox4 0 
+ • • •  ' (37 ) 
where all the partial derivatives with respect to position x are evalu-
ated at the equilibrium position ( that is , x equal to zero ) .  Since the 
force ( �: )
0 
on the oscillator must be zero at the equilibrium position 
and since V can be chosen arbitrarily to be zero, the first two terms in 0 
Equation ( 37 )  vanish . The third term is the harmonic contribution, and 
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the subsequent terms are usually called the anharmonic contributions to 
the potential energy. 
For a crystal, each oscillator, or atom, has three degrees of free-
dom. By Equation ( 37 ) ,  each of the three normal modes that result have 
potential energies of the form 
V(x) = ax2 + bx3 + cx4 + • • •  , (38 ) 
where ' a, b , and c are constants .  Below about ed/3, the oscillations of 
the atoms are small enough to be represented adequately by the first term 
in Equation ( 38 ) . This term was considered above in detail . At tempera-
tures above ed/3,. the oscillations of the atoms increase in magnitude, 
requiring more terms of the Taylor expansion to express the potential 
energy accurately. 20· Exactly what contribution these anharmonic oscilla-
tions make to the specific heat capacity is subj ect to question . Indeed, 
even the sign of this contribution is not agreed upon as shown in the 
following two treatments . 
Foreman21 has evaluated the specific heat capacity arising from the 
anharmonic terms on the basis of the elastic continuum approximation . For 
iron, Foreman derives the expression 
C = 1 . 41 X 1CJ 4 RT , (39 )  va 
where R is the universal gas constant . He also quotes results of several 
other theories which yield similar results , except for the value of the 
coefficient in Equation (39 ) . For example, the linear chain - a one dimen­
sional Born-Von Karman approach - yields a constant of 3 X 10- 4 • A bee 
lattice model based on the Born-Von Karman approach and similar to that of 
Fine1 8 for the harmonic oscillator gives the coefficient as 1 . 11 X 10- 4 • 
21 
Thus the se models for C give a positive contribution proportional to T.  va 
For iron, this contribution is about five percent of C at 1000 K. v 
Keller and Wallace' 2 2  investigated the anharmonic specific heat 
capacity for bee and fcc crystals with one atom per unit cell using 
central Lenard-Janes forces . In their treatment , they considered 
nearest and next-nearest neighbor interactions as well as an approxi-
mation for dispersion, which was not done by Foreman . Keller and 
Wallace state that the cubic and quartic terms of Equation (38) con-
tribute to C with opposite sign, with the negative quartic term va 
dominating . Their expression for the anharmonic term is 
C = -A(kT/ma2� )  , va o (40 ) 
where m is the mass of the atom and a the lattice parameter of the crystal . 
The constant A has the value of 4289 joules/gram-atom degree for fcc crys­
. tals and 2155 joules/gram-atom degree for bee crystals . Keller and Wallace 
relate the frequency w to the Debye temperature by the expression 0 
flw0 = ( 2/n)ked , (41 )  
where h is Planck ' s  constant over 2 TT .  Using a literature value for 
ed, w0 is found to be 4 . 22 X 101
3 vibrations per second for iron, yield­
ing a C of iron of va 
C = - 2 . 57 X 10- 4 RT • va (42 ) 
This expression of Keller and Wallace is of the same magnitude as that 
of Foreman but of opposite sign . Thus , these theories predict that eva 
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is directly proportional to the temperature, that eva contributes about 
five percent to Cv at 1000 K for iron, but the theories differ as to 
whether the contribution is positive or negative . 
Electronic Contribution C �------�--------�--�ve 
The electronic contribution C to the specific heat capacity of a ve 
solid is due to the change in the energy distribution of the electrons 
with temperature . The total internal energy of the electrons per unit 
volume is given by 2 3  
(43 ) 
where N(E)dE i s  the number of electronic states per unit volume having 
energies between E and E + dE. In this equation, the quantity C is the 
thermodynamic potential per electron and is thus a function of tempera-
ture . As in the quite analogous expression for the internal energy of 
the harmonic oscillators (Equation ( 29 ) ,  page 14], the main task in 
calculating U and thus eve is to determine the distribution N(E ) for the 
electrons .  Again in analogy to the determination of g ( v )  for the oscil-
lators , various approximations for N(E ) are made to render Equation (43 ) 
amenable to solution . 
Perhaps the most often quoted approximation is to assume that N (E )  
has the parabolic form of free electrons as shown in Figure 2 ( a) .  This 
approximation is quite sufficient for some metals, such as the alkali 
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Figure 2. Energy Distributions of Electrons in a Metal . ( a )  Total 
number of electrons per unit volume N(E ) as function of energy E for 
free electrons or parabolic band in metal . ( b )  Fermi-Dirac distribution 
function f (E ) for three different temperatures as function of E/C, the 
ratio of energy to thermodynamic potential . ( c )  N (E )  versus E for 
idealized form of overlapping s- and d-bands in transition metal such as 
nickel . Ef is the Fermi energy. 
Source :  ( c )  Stoner, E. C . ,  "The Magnetic Susceptibility and Elec­
tronic Specific Heat of Transition Metals in Relation to their Electronic 
Structure , "  Acta Metallurgica, 2 :  259-273, 1954 . 
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which is valid at low temperatures or temperatures above the Curie 
temperature . In Equation (44 ) , the quantity n is the effective number 
of electrons or holes , and T is the degeneracy or Fermi temperature of 0 
the electron gas and is related to the Fermi energy Ef by T 0 = Ef/k , ( 45 ) 
where k is Boltzmann ' s  constant . The Fermi energy is the maximum energy 
of any electron in the solid at absolute zero . 
Before considering other approximations, it is important to point 
out that only those electrons having energies near ' contribute to C • ve 
This can be seen by considering the Fermi-Dirac distribution function 
f(E ) of Equation (43 ) ,  namely 
f(E ) = exp((E - ,)/kT} + 1 . ( 46 )  
As shown in Figure 2 (b ) , when T i s  increased only those states having 
energies immediately below ' decrease in probability of occupancy while 
the few above ' increase in probability of occupancy . This concept is 
important in understanding the abnormally high C of transition metals . ve 
For transition metals such as nickel and iron, the simple parabolic 
distribution of Figure 2 (a ) must be discarded2 6 for one similar to that 
of Figure 2 ( c ) . This configuration arises because the d- and s-bands of 
transition metals are not filled . Since electrons at the top of these 
bands have energies near '' electrons of both bands contribute to eve · As 
is noted by Seitz2 7 and depicted in Figure 2 ( c ) , the density of states of 
the d-band electrons is much larger than that of the s-band or that of the 
free electron distribution . Consequently, a larger number of electrons 
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are excited when the temperature of a transition metal is raised and 
results in the abnormally large value of C for these metals . ve 
Stoner 2 6 points out that the distribution of the electrons at the 
top of the d-band is somewhat parabolic for nickel and other transition 
metals . Consequently, Equation (44 )  may be approximately correct for 
these metals . On the other hand, Mott 2 4 states that a distribution such 
as that of Figure 2( c ) is a gross oversimplification of the true distri-
bution in a transition metal . In particular, Mott finds that hybridi-
zation of the bands will normally occur when they overlap, adding to 
the complexity of finding N ( E ) . Such complexities are outside the scope 
of this work . However , Shimizu, Takahashi, and Katsuki2 8 have attempted 
to circumvent these difficulties by experimental means . Their method 
consists of determining the electronic state density from low-temperature 
specific heat data and from these data calculate the temperature variation 
of C at high temperatures .  At low temperatures ,  Equation (44 ) becomes ve 
C = yT (47 ) ve ' 
where y is a constant and is thus the temperature coefficient of eve · 
Shimizu, Takahashi, and Katsuki found that at high temperatures the y 
obtained from low-temperature data was too high for some transition metals 
and too low for others . 
as 
C = y*T , ve 
That is ,  if C is written for all temperatures ve 
(48 )  
they found that dy*/dT i s  positive for some and negative for other 
transition metals . In particular, dyi�/dT for iron is positive and for 
nickel is negative . Note that a negative dyi�/dT is predicted by 
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Equation ( 44 ) .  Such a treatment suggests that C should be given by ve 
C = y T (l + F( T ) }  , ( 49 )  ve o 
where y0 is the low-temperature y. The quantity F(T) is a positive or 
negative function of temperature . For a nondegenerate gas , F( T )  is pro­
portional to T2 • Of course, F (T )  for free electrons or metals having 
parabolic bands is 
3n2 ( T )
2 
F(T ) = - 10 T . 0 
Thus, the simple y T relation for C given in Equation (47 ) is not ve 
applicable to transition metals at high temperatures .  
( 50 ) 
The validity of the arguments of Shimizu, Takahashi, and Katsuki 
has been proven by Miller and Brockhouse2 9 for the case of palladium. 
* '  The former authors predicted that dy /dT should be negative for palladium. 
Using triple-axis spectrometers to measure the frequency-wave-vector 
dispersion relation for the lattice of palladium, Miller and Brockhouse 
were able to calculate Cvh and C and thus deduce C from experi-va ve 
mental measurements of C • They found that at 800 K the experimental p 
value of C was a factor of four below that predicted by Equation (47 )  ve 
using the low-temperature y .  
;;;.;Mag�:;;.;n�e..:.t.=i..:.c_C..:..o.:.:n;;;:.t.:.;r:....;l:::.;. b:....;u:::.;t:..:i::..;o:.:n::.......::.Cvm 
Different electronic configurations within solids produce several 
distinguishable forms of magnetism. Classically speaking, the electrons 
of a solid are envisioned as orbiting about their parent atoms and 
hence possess orbital angular momentum. When the atoms are placed in 
an external magnetic field, an interaction occurs between the electrons 
and the field, inducing a magnetic moment upon the atoms . This phenomenon 
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is called diamagnetism. Since all matter contains electrons moving in 
orbits ,  diamagnetism occurs to some extent in all substance s .  All 
other forms of magnetism arise because of permanent moment s resulting 
from the intrinsic spin of the electrons . These moments are present 
in the absence of an external field . In paramagnetic substances, the 
spin moments of the different atoms are not coupled strongly whereas 
in ferromagnetic materials the moments are aligned parallel and in 
antiferromagnets they are antiparallel . 
The form of magnetism to be considered herein is ferromagnetism. 
For the ferromagnets iron, nickel, and cobalt, the 3-d and 4-s bands are 
not filled as seen in Figure 2 (c ) , page 23 . In the rare earths , the 4-f 
and 5-s bands are not filled. Since the electrons in a filled band com­
pensate each others '  spin, there must be more electrons of one spin direc­
tion than the other in the unfilled bands . Such an electronic distribu­
tion is suggested in Figure 3 for the 3-d band of iron . 3 0 
Two schools of thought on ferromagnetism in solids are currently in 
vogue . One , expounded original_ly by Heisenberg , 3 1 assumes the unpaired 
spins to be localized - at the atom and is more reasonably applied to the 
rare earth metals . The other school associates the unpaired spins with 
the solid as a whole as sort of an electron gas . This is the itinerant 
or collective electron theory and is more applicable to ferromagnets 
such as iron, nickel, and cobalt . Both theories revolve about the 
energy change upon parallel alignment of the spins . If this alignment 
lowers the total energy, ferromagnetism results .  This coupling of the 
electron spins is often termed the "exchange interaction" and bears no 
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Figure 3 .  Possible Energy Distribution of Electrons in 3-d Band of 
Iron . Density of electron states N (E ) is plotted as a function of energy 
for spinup and spindown . The spinup electrons have spins parallel to 
atom to which they belonged at that instant . Energies connected with the 
magnetic moment are not presented. 
Source :  Gersdorf, R . , "Ferromagnetic Properties of Fe and Ni in 
Relation to Their Band Structure, " Journal de Physique el le Radium, 
23 : 726-729, October 1962 . 
classical analogue . The interested reader is referred to Mott ' s 2 4 review 
for further discussion of this point . 
Localized Electron Models . At zero kelvin, the third law of thermo-
dynamics requires zero entropy (that is , complete order of the electron 
spins ) . As the temperature is raised slightly, enough thermal energy is 
available to reverse one electron spin . Due to the exchange interaction, 
this reversed spin will propagate through the lattice . This phenomenon 
i s termed a spin-wave or magnon . The generation of spin-waves requires 
energy, and the resultant contribution to the specific heat at low tern-
peratures is given by32 , 33 
C = a T3/2 (1 - 0 . 39 T /T � m g ( 51 ) 
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where T is  the energy gap temperature . The quantity a is a constant g m 
given by3 2, 3 3 
( 52 )  
where s i s  a geometric factor equal to one-half for bee and one-fourth 
for fcc crystals . The term 2JS is a measure of the exchange interaction 
between neighboring spins,  and its value may be deduced from spin-wave 
resonance, magnetization, and neutron scattering experiments . 3 3  
Equation ( 51 )  for C is applicable only at temperatures near the vm 
boiling point of helium and has been used with limited succes s  to inter-
pret C data of iron, nickel, and cobalt by Dixon, Hoare , Holden, and p 
Mbody3 3  and of nickel-based iron and copper alloys by Dixon, Hoare , and 
Holden . 3 4 The major difficulty in testing the validity of this expres-
sion in  that C is less  than three percent of  C for these metals between vm v 
one and four kelvin, the temperature span of most  low-temperature 
calorimeters . 
In the derivation of the spin-wave and most of the other localized 
electron models , the Hamiltonian, commonly called the Heisenberg exchange 
Hamiltonian, that i s  applicable has the general form3 5 
H = -2J I: '  s .  · s .  , ( 53 )  e ij -� -J 
where J is  the isotropic exchange integral . The quantity S .  is the total e -� 
spin of the electrons of the ith atom, and the quantity �j is  the total 
spin of the electrons of the j nearest neighbors of the ith atom . The 
summation of Equation ( 53 )  is over all atoms i of the crystal and for 
all j of their nearest neighbors . The prime on the summation implies i 
not equal j .  
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Few attempts have been made to use this general form for H but rather 
various simplifications have been developed . Probably the most widely 
used approximation is  that of Ising, 3 6  who as sumed that the instantaneous 
values of the neighboring spins may be replaced by their time averages 
S . •  For _ z nearest neighbors ,  the Ising model Hamiltonian is
3 5  
J 
HI = -2zJ S .  � S . •  e J i -J. ( 54 )  
Such a Hamiltonian i s  equivalent to assigning a spin coordinate, either 
+1 or -1, to each atom of the crystal � 3 7 Hence, ferromagnetism in the 
Ising model is  a cooperative phenomenon because it results when adjacent 
atoms have the same spin coordinate . 
As for most other cooperative theory, the Ising model has been solved 
in closed form for one- and two-dimensional lattices 3 8 but not for three-
dimensional lattices .  In his excellent review of cooperative phenomena, 
Domb39  states that the majority of the work done on the Ising model has 
been concerned with predictions of the temperature of the Curie transfer-
mation and of magnetic properties rather than thermodynamic properties . 
However, the existing models do demonstrate logarithmic singularities in 
Cvm at T and exponential decreases of C near absolute zero . c vm 
The analytic expres sions for C obtained with the Ising model are vm 
quite complex and, although in closed form, are very difficult to manipu-
late . For example, the expression for C obtained by Newell and Montroll37 vm 
for a two-dimensional square lattice is 
' ( 55 )  
where 
K = J (kT )- 1 e ' 
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( 56 )  
( 57 ) 
( 58 )  
Another simplification of Equation ( 53 )  i s  the constant coupling 
approximation of Kasteleijn and Van Kranendonk40 in which an effective 
Hamiltonian for a pair of nearest neighbor atoms with a net spin of one-
half i s  derived . The coupling between these two spins i s  Heisenberg type, 
S . · S . ,  and the coupling constant is as sumed to be J and invariant . � � - e 
Coupling of the spins of the ith and j th atoms with other atoms is  repre-
sented by the effective field which all atoms produce at the ith and j th 
atoms . This effect is  incorporated in the theory by an additional term 
in the Hamiltonian . Wagner41 extended the constant coupling method to 
higher half-integral spins . As in the case of the Ising models ,  Wagner ' s  
constant coupling expressions for C are very complex and are not included vm 
herein . However, Baliensiefen and Wagner42 used a computer to solve these 
expres sions for several special cases ,  and their results for iron and 
nickel are presented in Figure 4 .  Note that for both iron and nickel, 
the theoretical value of C is  too high at temperatures below T and is  vm c 
too low near and above T • The latter discrepancy i s  normally attributed c 
to second-nearest neighbor interactions which were not considered in 
detail in this approximation . Smart4 3  and Weiss44 have developed theories 
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Figure 4. Magnetic Specific Heat According to the Constant Coupling 
Approximation . Ratio of C to nk . versus reduced temperature for iron 
and nickel showing the cal�lated values as solid line and experimental 
values as dashed line . The quantity n is  the effective number of magnetic 
atoms per mole and k is Boltzmann ' s  constant . 
Source :  Ballensiefen, G.  and D .  Wagner, "Specific Heat In Constant­
Coupling Approximation, " Physica, 30 :  154�1544, 1964 . 
The results of Smart are applicable only above T and consider the c 
second-nearest neighbor interactions directly by means of a modified 
constant coupling approximation . To the author' s  knowledge, no numerical 
calculations have been made for iron or nickel using the extremely com-
plex expres sion for cvm derived by Smart . 
Weis s ' s  treatment is a modification of the Bethe-Peierls short-range 
configurational order theory and considers clusters of atoms consisting 
of a central atom and its z nearest neighbors .  The interaction of the 
�eighbor atoms with each other i s  computed by an Ising-type model . In 
order to incorporate the short-range forces ,  the interactions of the 
atoms outside the cluster are represented by an effective field which 
acts on the z nearest neighbors of the central atom. Since this method 
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is  principally concerned with local order within a cluster , it neglects 
the long-range and spin-wav.e effects that are important at low tempera­
tures . 35 This theory is  thus applicable only near T as discus sed later . c 
There exist several other localized electron models , such as the 
series expansion method, as well as many modifications of the above 
theories which will not be considered . 
Itinerant Electron Models .  Regarding the itinerant electron theories 
Mattis4 5  states ,  "OUtstanding problems still to be resolved include the 
thermodynamics of magnetism in the band theory, particularly near and 
above the Curie temperature . "  To this author ' s  knowledge, no band theory 
calculations of Cvm exist for iron and nickel over the temperature inter­
val of interest to this work . This  is  indeed unfortunate because only 
the itinerant models of ferromagnetism should be strictly applicable to 
these metals . 
Stoner, 2 5  however,  has derived an expres sion for C based on a vm 
parabolic or free electron density of states for the electrons . In the 
�imit that the ratio of Tc to the degeneracy temperature T0 approaches 
zero, Stoner ' s relation for C [that is , the electronic specific heat vm 
capacity in exces s of that of Equation (44) , page 22] is 
n2 ( T )3 cvm = 4 Y T ' 0 
where y is the temperature coefficient of C • ve 
( 59 )  
For iron and nickel the 
ratio T /T is less than 0 . 1, therefore Equation ( 59 )  should be applicable c 0 
to these metals . The major criticism of this theory is  that it predicts 
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that c vanishes above the Curie transformation, which is contradictory vm 
to experimental evidence .  
In his paper, Stoner points out that his expression for C
vm 
approaches that of the classical molecular field theory as T /T approaches . 0 c 
zero . For a spin per atom J, the molecular field theory value of Cvm 
is 3 5 
c vm ' (60 ) 
where M(T )  is the spontaneous magnetization at T .  The value of the rela-
tive magnetization M(T ) /M( O ) can be obtained experimentally . 
Discontinuity in Cvm. Since the ferromagnetic t
o paramagnetic trans-
formation is second-order, C for ferromagnets should be discontinuous vm 
at Tc . The value of this discontinuity �Cvm is predicted by several of 
the theories presented above and is listed in Table I for each . 
The one- and two-dimensional Ising models demonstrate logarithmic 
singularities in Cvm at Tc . Such a discontinuity is also predicted for 
the second order transformation of a two-phase liquid-vapor system to a 
homogeneous phase system, the critical transformation . From criticality 
theory, C in the vicinity of the critical temperature T is4 6 , 4 ? v R 
Cv = a + b log I T  - TR I , ( 61 ) 
where the slope b is the same for temperatures above and below TR . The 
constant a is different for temperatures above and below TR and is equal 
to Cv at TR plus one degree and Cv at 
TR minus one degree, respectively. 
Landau and Lifshitz4 8 consider the Curie transformation as a type 
of critical phenomenon, and hence several investigators have employed 
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TABlE I 
THEORETICAL VALUES OF DISCONTINUITY IN C 
Theory 
Weiss (Bethe-Peierls ) 




*See page 214. 
l1C Ink vm 
2 . 05 
3 . 40 
1 .71 
1 . 63 
1 . 10 
1 . 76 
2 . 05 
1 . 29 
1 . 88 
2 . 13 
12 . 2  c;c )3 
0 
1 . 5  
2 . 0  























Equation (61 ) in interpreting the heat capacity of ferromagnets . For 
example, Miedema, Wielinga, and Huiskamp49 obtained excellent agreement 
for the exotic Heisenberg-ferromagnet CuK2Cl4 · 2H20, whereas the results 
of Voronel , Garber, Simkina, and Charkina5 0 on gadolinium do not appear 
to follow this relationship . 
Kraftmakher plotted C versus log I T - T I for nickel5 1 and iron5 2 p c 
and found fair agreement with Equation (61 ) within about 150 K of T • . c 
Obviously C , not C , should be the ordinate of this plot because the vm p 
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other contributions to C of nickel and iron do not have a logarithmic 
p 
temperature dependence . 
Total Energy and Entropy of Magnetization . Lacking a completely 
reliable theory to predict the shape and magnitude of C , many investi­vm 
gators have considered instead the total energy U and entropy S 
vm vm 
associated with the transition from complete magnetic order at zero 
kelvin to complete magnetic disorder at T >> T • These quantities are c 






vm = J ;n dT 0 
In the localized electron model, Svm may be calculated from the 
expres sion for the entropy S of a distribution of obj ects ,  which i s  
s = ktnw , 
(62 ) 
( 63 ) 
(64 )  
where W i s  the number of pos sible configurations of the system under a 
given ·condition of restraint . For a system of n "magnetic atoms " having 
spin J, the maximum number of configurations is the maximum number of 
ways of arranging these spins on the 2J + 1 spin sublevels ,  namely 
( 2J + l )n . Such an arrangement , called Wco' is energetically possible at 
very high temperatures .  Since at zero kelvin the entropy must be zero 
by the third law of thermodynamics ,  W must be one by Equation (64 )  and 
hence 
S = S - S = k[tn ( 2J + l )n - tn (l ) ] = nk{n (2J + 1 )  . vm CD o ( 65 )  
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Considering only interactions of the z nearest neighbors,  the energy 
U for a system of localized spins having a Hamiltonian of the form of 
vm 
Equation ( 53 ) ,  page 29, is 
U = nkT zJ2 (J  /kT ) • vm c e c (66 ) 
The quantity (J  /kT ) is usually obtained in theoretical calculations of e c 
T in applications of the various models discus sed above . Unfortunately, c 
the value of (J /kT ) cannot be expres sed in closed form for most of e c 
these models but approximate expressions have been obtained and some are 
listed in Table II . 
TABLE II 
VAWE OF (J  /kT ) 
Theory 




*See page 214. 
e c 
(J  /kT ) e c 
0 . 344 
0 . 115 
0 . 0598 
0 .419 
0 . 128 
0 . 0649 
0 . 236 
0 . 0785 
0 . 0405 
6� 203 
0 . 115 




















Stoner25 has evaluated the magnetic energy as a function of tempera-
ture based on a parabolic or free-electron density of states for the 
electrons . In the limit that the ratio of T to the degeneracy temper­c 
ature T approaches zero, Stoner ' s  expres sion for U is 0 � 
3 T / , 23TT 2 c T c )2 } u � = 4 y T l 1 + 240 T + • · · ' ( 67 ) 0 0 
where y is the temperature coefficient of eve · Stoner has also evalu­
ated U for other values of T /T but these expressions are not in � c 0 
closed form and are not included herein . 
Contribution of Rearrangement of Atoms C 
----------------------�---------------vw 
As used in Equation ( 9 ) , page 5 ,  the term C is a "catch-all" quan­
vw 
tity that encompasses all contributions to Cv not heretofore discussed. Of 
principal concern to this work is that part of C due to configurational vw 
order-disorder transformations in binary alloys . This type of transfer-
mation is normally assumed to occur by atomic diffUsion and is therefore 
dependent on the vacancy concentration and the atomic mobility within 
the alloy. 5 4, 5 5  Since both the vacancy concentration and atomic mobility 
vary exponentially with temperature, 5 6 the kinetics of the order-disorder 
transformation are strongly temperature dependent . 
If it is assumed that the order-disorder transformation occurs under 
equilibrium conditions , Cvw is 
d I J _ dUod( T )  + U (T )  dN(T )  Cvw = dT Luod(T )N( T )  - N (T )  dT od dT ' (68 )  
where U0d ( T )  is the energy of formation of one mole of ordered alloy at 
constant volume at T and N(T )  is the equilibrium mole fraction of ordered 
39 
atoms at T .  To a first approximation, U0d(T )  is temperature independent 
and thus the first term of Equation (68)  vanishes leaving 
c vw = U 
d.N(T )  
od dT (69 ) 
Values of U0d and N (T )  may be obtained from several theories ,  such 
as the Bragg-Williams approximation . 5 7 , 5 8  Unfortunately, these theories 
as well as Equation {69 )  are applicable only at equilibrium. Due to the 
slow kinetics of the order-disorder transformation, especially at lower 
temperatures ,  and due to the finite heating rates necessary for most 
· experimental methods, C obtained from experiment s is  not an equilibrium vw 
value . Therefore, in general, Equation (69 )  and the various theories 
cannot be applied to interpret the experimental results .  
As in the case of the magnetic transformation, the total energy 
U0d is  the quantity normally calculated from experimental results . From 
Equation (68 ) and as suming U0d to be temperature independent , one finds 
. T -1 
U0d = ( J. f CvwdT) (N ( Tf) - N (Ti )  , 
� 
( 70 )  
where Tf is  the experimental temperature above which Cvw vanishes ,  and 
T . is  the experimental starting temperature . If perfect order exists at � 
T1 , N (Ti ) i s  one . The value of N (Tf) '  which corresponds to N of the 
random structure, is normally taken as zero . Under these conditions ,  
Equation ( 70 )  becomes 
T 
= -J f 
T .  � 
C dT • vw ( 71 )  
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The Metals Ni and Fe and the Alloy Ni3Fe 
The solids of interest in this research are nickel, iron, and the 
alloy of composition 75 atomic percent Ni + 25 atomic percent Fe, called 
Ni3Fe . The purpose of this section i s  to discuss the existing knowledge 
of the specific heat capacity of these solids in light of the previous 
sections of this chapter . In particular, the experimental and theoreti-
cal values of C , U , and S are discussed, and the effect of the order-vm vm vm 
disorder transformation on these quantities is  considered for the alloy . 
Structure . The equilibrium phase  diagram for the nickel-iron system 
given by Hansen5 9 is  shown in Figure 5 .  This diagram predicts that 
between 1715 and 871 K, the alloy Ni3Fe is s ingle phas ed, fcc,  para-
magnetic, and disordered in its equilibrium state . Between 871 and 773 K, 
Ni3Fe has a structure which is single phased, fcc,  ferromagnetic, and 
disordered . At 773 K, this alloy undergoes a first-order transformation 
to an ordered structure which is fcc and ferromagnetic . 
Also from Figure 5, the pure metal nickel is seen to be fcc at all 
temperatures but i s  paramagnetic above and ferromagnetic below 627 K .  
Pure iron has a somewhat more complex structure . From its melting point , 
1807 K, to 1663 K iron is  bee and paramagnetic , and this phase is called 
6-iron . At 1663 K, 6-iron transforms to y-iron, which is fcc and para­
magnetic , and which in turn transforms to a-iron at 1183 K .  The phase 
a-iron is bee and is paramagnetic above and ferromagnetic below 1043 K. 
Nickel. Probably the most complete review of the specific heat 
capacity measurements of pure metals is the recent compilations of 
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Figure 5 .  The Equilibrium Phase Diagram for the Nickel-Iron Alloy 
Syste.m. 
Source :  Hansen, M. , Constitution of Binary Alloys . New York : 
McGraw-Hill , 1958.  · 
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results  of twelve investigators whose data span the temperature interval 
12 K to 1584 K .  What i s  most striking about this plot is that below the 
Curie temperature Tc ' the C ' s  agree to about ±2% but near and above T p . c 
the values diverge radically. Since impurities are known to affect T , c 
these deviations are often supposed due to specimen differences . While 
admitting to small impurity effects ,  it is the author ' s  opinion that this 
lack of agreement in C near and above T is due mainly to experimental p c 
errors ,  such as in temperature measurements ,  in heat los s corrections , or 
in improper experimental procedures .  This allegation i s  substantiated 
in Chapter III . 
Because of the differences  in the measured values of C , similar p 
differences occur in the values of C calculated from them. Another vm 
cause for the differences in the C ' s  is the use of different theories vm 
and approximations when subtracting the other contributions from Cp ; 
that is ,  from Equation {12 ) ,  page 8, 
c = c - c h - c  - c  - c - c vm . p v. va ve vw d • (72 ) 
If for example two investigators use the Debye theory for C , Stoner ' s  
. vh 
theory for C , and Grurieisen ' s approximation for C but different values ve d 
of ed, y, and yg' their values for Cvm as a function of temperature will 
in general not agree . 
At least s even open-literature publications8 , 6 1�6 6 report values of 
C of nickel calculated using a relationship of the form of Equation ( 72 ) . vm 
In general these results do not agree, but their detailed comparison i s  
deferred until Chapter III . However, Figure 6 ( a ) depicts the results of 
Braun and Kohlhaas 8 in which Cp' Cvh' Cve' Cd' and Cv.m 
of nickel are 
43 
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Figure 6 .  Harmonic Vibrational C h' Electronic C , Dilation Cd' and Magnetic C Contributions to the �pecific Heat Cap�city C as a 
Function of T�erature T .  ( a )  Nickel and (b ) iron . P 
Source : Braun, M. and R .  Kohlhaas , "Die spezifische Warme von 
Eisen, Kobalt , und Nickel im Bereich hoher Temperaturen, " Physica 
Status Solidi , 12 : 429-444, 1965 . 
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shown as a function of temperature . Also, the values of U and S of vm vm 
some of these inve stigators as well as those of several theories are given 
in Table III for nickel . Thi s table offers a quick summary of the di s-
crepancies in values of C
vm 
of nickel as well as the differences between 
theory and experiment . 
To the author ' s  knowledge, no measurement s of 6C of nickel at the 
vm 
Curie temperature have been made s ince Lapp6
3 
in 1929 . However, the C : T  
p 
relationship determined by Lapp does not agree in general with more 
recent measurements ,  so that her value of �C
v.m 
is  questionable .  Also , 
the maj ority of measurements of C of nickel do not show a discontinuity 
p 
at T and hence predict that the Curie transformation i s  third-order or 
c 
higher . The se measurements near T are repudiated in Chapter III .  c 
Iron . As for nickel, the exi sting experimental measurements of the 
C of pure iron are in marked disagreement near and above T • In fact , p . c 
the discrepancies are even larger for iron because the Curie transfor-
mation of iron occurs 415 degrees above that of nickel and C of iron vm 
is a factor of 2 . 5  higher than that of nickel . For example, Touloukian ' s  
tabulations show differences of 30% in experimental C ' s  ten degrees p 
above T • 
c 
In addition to these experimental difficultie s ,  the occurrence of 
the a-y transformation at 1183 K, a temperature at which the magnetic 
contribution to C is not negligible , greatly compounds the error s in p 
the calculation of C above 1183 K.  Since C of y-iron is zero , part 
vm vm 
of the energy of the a-y transformation is  associated with magnetic dis-
ordering of the �-iron . To circumvent this  difficulty, the specific heat 
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TABLE III 
COMPARISON OF THEORETICAL AND EXPERIMENTAL VALUES OF THE 
TOTAL MAGNETIC ENERGY Uvm AND ENTROPY Svm OF NICKEL 
Hofmann, Paskin, Tauer, 
Weis s  
Pawel and Stansbury 
Lytton 























( J  /kT )=3 ( J+l ) /( 2zS ) e c 
Equation (65 ) (page 36) 
* 







3 . 39 
2 . 51 
3 . 89 
Not stated 
3 . 36 
3 . 47 
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capacity of a-iron in the y-stable temperature region must be calculated 
by thermodynamic reasoning . Such calculations have been performed by 
Darken and Smith67  and more recently by Weis s  and Tauer . 6 8 Besides the 
y-phase C , these analyses require the enthalpies of the a-y and y- 6 p 
transformations . Uncertainties in these quantities contribute to errors 
in the calculated Cvm of a-iron above the a-y transformation temperature . 
Obviously, U and S of iron are also affected . vm vm 
Figure 6 (b )  depicts the results of Braun and Kohlhaas for C , C h' p v 
eve' Cd' and Cvm of iron as a function of temperature . Only two other 
calculations of C for iron were found in the literature, 6 2 z 6 6 and the vm 
agreement among these may be implied from the values of Uvm and Svm in 
Table IV. The theoretical values of these two quantities are also listed 
' 
in this table and show that Lytton ' s 6 6  values are probably incorrect . 
More recent measurements of the specific heat of iron do not indi-
cate a discontinuity 6C at T • However, in the 1920 ' s there was con-vm c 
siderable interest in this  quantity . For example,  Stoner69 references 
three measurements of 6Cvm for iron but notes,  "For ferromagnets other 
than nickel, data for the specific heat near the Curie point are rela-
tively scanty and lacking in precision . "  Thus , these measurements  may be 
disregarded . 
Ni3Fe, C Measurements in General. During the search of the 
literature, only ten references concerning measurements of the specific 
heat capacity of nickel-based Ni-Fe alloys were found . Of these, only 
two involved measurements on pure stoichiometric Nf3Fe, namely those of 
Kaya and Nakayama70 and Leech and Sykes . 71 Kaya ' s 7 2 earlier work was on 
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TABLE rv 
COMPARISON OF THEORETICAL AND EXPERIMENTAL VALUES OF THE 
TOTAL MAGNETIC ENERGY U AND ENTROPY S OF IRON 
Hofmann, Paskin, Tauer, 
and Weiss  
Lytton 














(J = l, n = l . l, T  = 1043 K )  c 
Ising 




(J /kT )=3 (J+l )/ ( 2zS ) e c 
Equation (65 ) .  (page 36 ) 
* 
See page 214 .  







9 . 00 
5 . 86 
Not stated 
10 . 05 
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a 24 . 1% Fe alloy. Of the others,  Zuithoff, 7 3 Keesom and Kurrelmeyer, 7 4  
Dixon, Hoare, and Holden, 34 and Gupta, Cheng, and Beck7 5  performed experi-
ments on pure binary alloys of several nickel compositions , but none were 
within 5� of the Ni 3Fe composition . Unfortunately, Iida ' s 7 6-7 8  three 
excellent investigations were conducted on the alloy 24 . 2i Fe + 75 . 8� Ni 
+ 1� Mn .  By Iida ' s own admission, the presence of thi s amount of manga-
nese markedly changed the properties of the alloy as compared with pure 
Ni3Fe, Cp 
at Low Temperatures . The measurement s of Keesom and 
Kurrelmeyer, 7 4  Dixon, Hoare, and Holden,
34 and Gutpa, Cheng, and Beck7 5  
were performed between 1 K and 20 K on a serie s of off-composition, dis -
ordered alloys . Such research, while adequate to predict ed
, y, and a
m 
of disordered Ni3Fe, avoided the very interesting effects of ordering on 
the C of Ni3Fe . For example , measurements of Bowen7 9  and Rayne 8 0  dem­
p 
onstrate an increase of the Debye temperature e
d 
and a decrease in the 
electronic coefficient y on ordering Cu3Au.  Martin ' s 8 1  measurements ,  
which extended down to  0 . 4 K, also show a decrease in  the nuclear contri-
bution to the specific heat capacity when Cu3Au is  ordered . The effects  
of  ordering on ed
, y,  and am of  Ni3Fe are investigated in  thi s work and 
are pre sented in Chapter III.  
Ni3Fe, C at High Temperatures . Due to the configurational and 
magnetic ordering transformations, with critical temperatures of 773 K 
and 871 K, the form of the C : T  relationship of Ni 3Fe above about 600 K p 
is a function of the prior thermal history of the alloy . Also, the 
extreme sluggishne s s  of the configurational ordering transformation 
49 
adds to the complexity of the measurement of C • For example, time s of 
p 
up to two months have been employed by several investigators to insure 
complete order of the alloy prior to measurement . Consequently, the 
values of C obtained below 773 K are not equilibrium values and are 
vw 
dependent on the heating rates employed during C measurements as well 
p 
as the prior thermal history of the alloy . In addition, the configu-
rational order-disorder transformation of Ni3Fe is first-order;  hence, a 
highly ordered alloy should display a very large isothermal energy 
release when heated slightly above 773 K. Due to the slow kinetic s of 
disordering, this energy is  not released isothermally during Cp measure­
ments but rather over a large temperature interval . Thus, the C value s 
�v 
obtained for an ordered alloy above 773 K are even further from equilib-
rium than those below this temperature . An example is  now pre sented . 
Consider Figure 7 which depicts the C results of Leech and Syke s7 1  . p 
for three different heat treatment s of stoichiometric Ni 3Fe . All measure-
ments were made with a heating rate of 2 degrees/minute . Curve one was 
obtained after quenching into water from 1000 K and demonstrates a steady 
rise in C to about 650 K, then a drop to a minimum at 700 K.  At higher 
p 
temperature s two maxima in curve one are observed, one at 800 K and the 
other at 865 K .  Curve two refers to the alloy as cooled at 1 degree/minute 
from 925 K .  Only a slight depre ssion in curve two is noted at 725 K,  and 
the two maxima of curve one appear again . Curve three also demonstrates 
these two maxima, but the lower temperature maximum is much more pro-
nounced. The heat treatment prior to curve three consisted of cooling 
from 765 K to 643 K over a 150-hour period . 
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Figure 7 .  Speci�ic Heat Capacity of Ni3Fe as a Function o� Tem­
perature for Three Di�ferent Prior Heat Treatments .  Curve one was 
obtained a�ter a water quench �rom 1000 K .  Curve two refers to the 
· alloy as cooled at 1 degree/minute from 925 K .  The heat treatment 
prior to curve three cons isted of cooling from 765 K to 643 K over a 
150-hour period . 
Source : Leech, P . , and C .  Sykes ,  "The Evidence for a Superlattice 
in the Nickel-Iron Alloy Ni 3Fe, " Philosophical Magazine, Series 7,  27 : 
742-753 , 1939 . 
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The atomistic mechanisms associated with the maxima and minima in 
these curves are as follows . For curve one, the minimum at 700 K is due 
to the formation of local configurational order . Because of the very 
long relaxation time for the formation of long-range order in Ni3Fe , no 
long-range order could have been formed during the short time period pro­
vided by the 2 degrees/minute heating rate of this measurement . Likewis e, 
the depression near 725 K in curve two is as sociated with local order for-
mation which had not been completed during the prior heat treatment . 
For all three curves ,  the first maxima are due to the destruction of 
order, local in curve one and two and long-range in the third, and the 
second maxima are induced by the Curie transformation . Leech and Sykes 
note that the shaded areas I and II of curve one are approximately equal 
because the two processes occurring are e ssentially reversible . Note 
that the magnitude of the first maximum in curve three is much larger 
than that of curve two which in turn is  greater than that of curve one , 
a ramification of the differences in the degree of order of the alloy at 
the time of measurement . 
In their compilation of the C data of nickel-iron alloys , Hultgren, p 
Orr, Anderson, and Kelley8 2 disregarded the data of Zuithoff7 3 because 
" expected discontinuities ( in heat content ) due to martensite and order-
ing transitions do not appear . "  They also report that the measurements 
of Kaya and Nakayama7 0  "at temperatures below the anomaly (order-disorder ) 
are higher by 10% than those of Leech and Sykes . "  In all, these 
reviewers appear highly skeptical· of the validity of any of the C p 
measurements on Ni3Fe appearing in the literature . 
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On the other hand, the C data of Kaya and Nakayama, 70 of Kaya, 7 4 p 
and of Iida7 6�8 de confirm the general form of thos e of Leech and Sykes 
given in Figure 7 . However , Iida ' s principal interest was not the value 
of C per se but rather the use of the C : T  relationship to interpret p p 
the kinetics and mechanisms of the ordering proces s .  Some of Iida ' s  
observations pertinent to the present study are now outlined . 
Ni3F� Kinetics of Configurational Ordering . Near 875 K, about one 
hundred degrees above tpe critical configurational ordering temperature 
Tod' Iida found that local order was formed with a relaxation time of 
the order of minutes . No critical temperature existed for the local 
ordering phenomenon but instead, the amount of local order was observed 
to increase significantly as T0d was approached. 
For an alloy quenched from 875 K to ten degrees below Tod' Iida ' s 
measurements show that the ordering process occurs in four overlapping 
stages .  The first stage lasts only about twenty minutes and i s  as soci-
ated with the removal of quenched-in imperfections and the inception of 
local ordering . In the second stage, local order is established, start-
ing with a rapid rate but decreasing monotonically thereafter .  This 
stage is complete ten hours after quenching . Not until the fifth hour 
does long-range ordering occur, proceeding slowly at first and reaching 
a maximum after twenty hours . This stage, the third, disappears after 
sixty hours at which time the fourth stage begins . In this last stage,  
the antiphase boundaries are removed, yielding the perfectly ordered 
structure . Due to the "long-range diffusion" involved,  the fourth stage 
proceeds for at least one month . 
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Ni3Fe, Energy U0d and Entropy S0d of Configurational Ordering . 
Iida calculated a total decrease of internal energy on perfect ordering 
U0d of 3716 j oules/gram-atom. Of this ,  about one-fourth occurred during 
the first and second, one-half during the third, and the remainder during 
the fourth stage of ordering . Iida gave no entropy value . 
Leech and Sykes measured a U0d of 3350 j oules/gram-atom and a S0d 
of 4 . 78 j oules/gram-atom degree for an alloy which had been slow-cooled 
for twenty-one days from 763 K to 643 K.  Iida' s treatment was similar 
but lasted forty-seven days . Kaya ' s treatment , eight days at 763 K then 
cool to 723 K at a rate of 10 degrees/day, resulted in a value of 
3034 j oules/gram-atom for U0d . Obviously, Iida ' s treatment achieved 
the highest degree of order . 
Ni3Fe, the Magnetic Quantities C���vm· To the author ' s  
knowledge, no values for C , U , S , or 6C have appeared in the vm vm vm vm 
literature for either disordered or ordered Ni3Fe . Determinations of 
these magnetically induced quantities of Ni3Fe are complicated by the 
close proximity of the magnetic and configurational ordering critical 
temperatures , about one hundred degrees in the equilibrium state . Also , 
the energy associated with the magnetic transformation is smaller and is 
distributed over a larger temperature interval, which further diminishes 
the magnetic contribution to C • p 
Below 773 K, the ordered state of Ni3Fe is the stable state .  How-
ever, the metastable disordered state can be produced by rapid cooling 
from above 773 K and can be maintained during C measurements if very p 
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rapid heating rates ,  such as are pos s ible with pulse calorimetry, are 
employed ( see Chapter II ) . Therefore, C of the disordered state can vm 
be obtained at all temperatures . Collins , Jones ,  and Lowde83  note that 
although rapid cooling yields a highly disordered structure for Ni3Fe, a 
small but measurable amount of local ordering does exist . This implies 
that Cv.m values cannot be determined for completely random Ni3Fe . 
On the other hand, the disordered state of Ni3Fe is the stable state 
above 773 K. Because of the sluggishness of the disordering transfer-
mation of Ni3Fe,  pulse calorimetric methods permit measurements of Cp of 
the metastable ordered state to temperatures above 773 K.  Using the rule-
of-thumb that the kinetics  of a reaction increases by a factor of two 
for every ten degrees above the critical temperature, disordering mech-
anisms that require an hour near 773 K will occur in seconds at 873 K. 
Consequently, there exists a practical limit on the maximum temperature 
to which Cvm of a completely or even partially ordered Ni3Fe can be 
obtained . Thus , from purely kinetic reasoning, it appears impossible to 
calculate Cv.m at all temperatures for the ordered state as is possible 
for the disordered state . In addition, the Curie temperature of the 
metastable ordered state is not 871 K, as for disordered Ni3Fe, but lies 
somewhere between8 4 , 8 5 954 K and 983 K. Thi s raises by about one hundred 
degrees the temperatures to which the metastable ordered state must be 
maintained to measure �C . v.m 
Although C , U , S , and tC have not been determined for ordered vm vm vm vm 
and disordered Ni3Fe, measurements do exist for several magnetic proper-
ties which, when used in conjunction with pertinent theories , yield some 
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insight into the values to be anticipated for these four quantities . For 
example, Crangle and Hallam8 6 found that the magnetic moment per atom 
for disordered Ni3Fe is 1 . 16 Bohr magnetons as compared to 0 . 6 Bohr 
magnetons for nickel . Assuming that the spin per atom J for disordered 
Ni3Fe is the same as that of nickel, Equation ( 65 ) ,  page 36, and Equa-
tion ( 66 ) ,  page 37, predict that S and U of disordered Ni3Fe should vm vm 
be 1 . 9  times that of nickel . 
Grabbe ' s 87 saturation magnetization measurements indicate a 5 . 8� 
increase when Ni3Fe is ordered .  This implies that about a 6% increase 
in the magnetic moment occurs upon ordering . Hence, similar increases 
of U a�d S are to be expected for the ordered state of Ni3Fe . vm vm 
The molecular field theory value of C is directly proportional to vm 
the product of the magnetic moment , relative magnetization, and the rate 
of change of the relative magnetization with respect to the reduced 
temperature T/T • · [See Equation (60 ) ,  page 34] . The measurements of c 
Crangle and Hallam8 6 for the relative magneti zation show little differ-
ence between that of nickel and disordered Ni 3Fe . This indicates that 
Cvm of disordered Ni3Fe should be about twice that of nickel at any T/Tc . 
Above the critical temperature, measurements of the relative magne-
tization or any other property of ordered Ni3Fe are limited by the kinetics 
of disorderiog as already discussed . Below the critical temperature,  
Taoka and Ohtsuka ' s 8 5  measurements of  the relative magnetization of 
ordered Ni3Fe indicate that the . C of the ordered alloy is s ignificantly vm 
lower than that of the disordered alloy. 
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Ni3Fe, the Electrical Resistivity p.  The electrical resistivity p 
of Ni3Fe is sensitive to changes in both configurational and magnetic 
order. As discussed in Chapter II, the pulse calorimeter employed to 
measure CP affords simultaneous measurement of p and CP . Therefore , the 
state of order of the alloy is ascertained throughout the C measurements p 
by monitoring p .  This is particularly significant because measurements 
of the state of order by x-ray or neutron scattering techniques are very 
difficult, due to the similarity in the scattering properties of nickel 
and iron atoms . Because of its importance herein, the various contribu-
tions to the electrical resistivity are di scussed briefly . 
The electrical resistivity of a solid possessing both magnetic and 
configurational order may be expressed as 8 8 z 89 
p = p . + pt + p ' l. m 
d are the electron scattering due to alloy atoms , where pi' pt ' an Pm 
phonons , and electron spin disorder, respectively . 
Beal9 0  has developed the following expression for pi at a fixed 
temperature 
P .  = p + (l _ sz )·[l + (1 - S ) ( 3 + S ) (l + 2S ) _!!. A(K_D )l 2 o (1 + s) kT r J ' 
where 
(1 + 3S ) ( 3 + S ) . r 4SW ) = exp \... kT ' 3 (1  - s ) 2 
1 [ sin2K� 1 - cos2K� 
A (K-D )  = -- cos2K_D - + 
r (KrP ) 2 r KfD 2 (Kf0 ) 2 J . 
(73 ) 
(75 )  
( 76 ) 
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The first term in Equation (74 )  is the electron scattering by 
perfectly ordered alloy atoms and the second term i s  the additional 
scattering induced by a di sordered structure . In the second term, the 
quantity (1 - S2 ) i s  the contribution to the electron scattering due to 
the breakdown of perfect long-range order, where S is the long-range 
order parameter ; the quantity in bracket s is that stemming from a decrease 
in local order, which yields a weak but not negligible contribution to 
p • • ]. 
Equation ( 75)  is the Bragg-Williams approximation, which relates 
the long range order parameter to the interaction energy W and absolute 
temperature T .  In Equation ( 76 ) ,  the quantity D i s  the nearest neighbor 
distance, and Kf 
is  the wave vector at the Fermi surface of the ordered 
alloy. 
The precise expre ssions for the temperature dependence of Pi
' Pt ' 
and p are not known . Normally one as sumes p . ,  which in effect is an m l. 
1 1 i.mpurity11 type scattering, to be temperature independent . Thus p is 0 
equal to the residual resistivity of the perfectly ordered alloy at 
zero kelvin. At temperatures near and above the Debye temperature ed, 
the Bloch-GrUneisen formula is  an approximation for pt and is  
( 77 )  
where B i s  a constant . The quantity J ( ed/T ) is a Debye type function 
given by 
( ed ) ed/T 
J T = J (exp x - 1)[1 - exp(-x)] 0 ( 78) 
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When T is  greater than 1 . 5  9d' the function J( 9d/T )  may be approximated 
by 
( 79) 
Above the Curie temperature, pm 
is constant to a first approximation, 
and Weiss 8 8  finds the expres sion 
p � 3 X lo-5 J(J + 1 )  
m 
( 80) 
to be valid for the 3-d transition metals when p is expres sed in ohm-em. m 
Since the Curie temperature of Ni3Fe is about twice 9d' the electrical 
resistivity above T is c 
( 81 )  
where A is a constant . The constant B/ (49d ) is therefore the slope of 
the linear p : T relationship above the Curie temperature . 
Below the Curie temperature, the precise functional relationship 
between pm and T is not known . From Equations ( 73 ) ,  ( 74 ) ,  and (77
) ,  
p can b e  determined from experimental values of p by m 
where p .  is as sumed to be temperature independent . 1 
( 82) 
In recent literature, 9 1-9 5 there has been considerable interest in 
the experimentally determined values of p near T • The theory of Craig, m c 
Goldburg , Kitchens ,  and Budnick, 9 1 for example,  yields an expression for 
dp/dT that is a complicated function of tn i T - T I but which doe s not c 
agree too well with experimental data . Instead,  they suggest 
' ( 83 ) . 
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where a and � are constant s ,  and have obtained reasonable agreement with 
experimental measurements above T using this expres sion . For tempera­c 
ture s near T , Kraftmakher9 2 found a linear relationship between dp/dT c 
of nickel and tn i T - T I , which had the same slopes above and below T . c c 
Kraftmakher and Romashina9 3 established a similar temperature dependence 
for dpjdT of iron . Recall that Kraftmakher found the identical depen­
dence of C
P 
on T for nickel 5 1 and iron. 5 2  This sugge sts that Cvm and 
dp /dT should be directly proportional . m 
Moore , Fulkerson, and McElroy9 5 suggest that since pm is a measure 
of the spin di sorder of a solid, p should be related to the magnetic m 
entropy S • If p i s  assumed to be directly proportional to S with a vm m vm 
constant of proportionality ap '  the se authors find that 
_ T dpm Cvm - a  dT ' 
p 
which is contradictory to Kraftmakher ' s  result s .  
Methods of Measurement of C of Solids p 
( 84) 
The literature contains a multiplicity of methods for measuring the 
specific heat capacity Cp of solids . These methods are normally clas si­
fied as either dropping, adiabatic, or pulse calorimeters .  
In drop calorimetry, a specimen is heated to a prescribed tempera-
ture T1 and allowed to equilibrate . The specimen is  then rapidly dropped 
into a calorimeter at temperature T2 , and the energy released by the 
specimen while equilibrating with the calorimeter is measured . This 
heat energy is equal to the relative enthalpy H of the specimen at T1 
with respect to T2 ,  called 6H1 • Repeating this process  at different 
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temperatures T1 yields the 6H : T relationship . 
the slope d6H/dT of this relationship . 
By definition , C is p 
The accuracy of determining C by drop calorimetry depends on the p 
accuracy of the 6H and T1 measurement s ,  the proximity in temperature of 
these data, and the functional dependence of 6H on T as sumed in the data 
fitting procedure . Normally 6H and T1 can be measured to within a few 
tenths of a percent, but due to the labor and time involved, data points 
are usually taken every fifty degrees .  This increases  the importance of 
choosing the proper �orm for 6H as a function of temperature 6H (T ) . In 
theory, the most precise expression for 6H (T ) is  obtained if Equation (12 ) ,  
page 8, i s  integrated over the temperature interval of interest , namely 
T T 
6H (T ) = J C dT ' = J (C + C + C + C + C + Cd· )dT ' , T2 p T2 vh va ve vm vw ( 85 ) 
where the appropriate temperature dependent expressions for C h' C , v va 
eve' Cvm' Cvw' and Cd are employed . Normally, such a complicated 
relationship as this is impractical, and 6H is as sumed equal to a second 
or third order polynomial in temperature . This is  a good approximation 
if the temperature interval is not too large, sufficient data are avail-
able,  and C is not a rapidly varying function of temperature .  Therefore ,  p 
in the vicinity of the Curie transformation of iron and nickel, drop 
calorimetry C data are apt to be erroneous . p 
Most adiabatic calorimeters consist of an i sothermal vacuum chamber 
in which a specimen, having a power resistor enclosed within it , is sus-
pended .  When a current is pas sed through the power resistor, the speci-
men experiences an increase in temperature . Instrumentation is provided 
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to maintain the chamber at the same temperature as the specimen and thus 
provides an adiabatic shield for the specimen . The specific heat capac-
ity of the specimen of mas s  m is calculated by 
p c
p = m( dT/dt) ( 86 ) 
where P is the electrical power dis sipated in the resistor . In most 
techniques ,  the time �t required for the specimen temperature to change 
�T degrees is measured . If the heating rate over this temperature inter-
val is approximately constant , then dT/dt is equal to �T/�t . Using a 
constant power P and small temperature intervals ,  this approximation is 
valid except when C is varying very rapidly with temperature . Thus p 
near T , C measurements obtained with this t echnique may be in error, c p 
especially if �T encompasses T • . c 
In the majority of pulse calorimeters ,  the specimen is  directly 
heated by pas sing a current through it , and the power dis sipated in the 
specimen and t emperature of the specimen is recorded as a function of 
time . The specific heat capacity calculation involves an expression of 
the form 
- p - PL c
p 
-
m(dT/dt) (87 ) 
To reduce the power loss PL' th
e specimen is heated within a vacuum 
chamber . In addition, some techniques enclose the specimen in a furnace 
and, depending on several experimental variables ,  pulse heat anywhere 
from one to several hundred degrees above the ambient temperature of th
e 
furnace .  Other techniques employ input powers of a magnitude large 
62 
enough to render PL negligibly small . These methods usually pulse heat 
from room temperature . 
The accuracy of. pulse calorimetry is dependent mainly on the accuracy 
of calculating dT/dt . Some methods also require accurate evaluation of 
PL . The comments made regarding the calculation of dT/dt in adiabatic 
calorimetry are applicable to pulse calorimetry as well, and this point 
is discussed in more detail in Chapters II and III . 
Of the three methods discus sed, only the adiabatic and pulse calo-
rimeters directly measure C • Each of these methods has its inherent p 
advantages and disadvantages .  In theory, the specific application should 
determine which method is used to determine Cp' but all too often the 
method chosen is the one available ! 
History of ORNL Calorimeters .  In August of 1964, the Physical 
Properties Group of the Metals and Ceramics Division of the Oak Ridge 
National Laboratory began development of a pulse calorimeter which was 
to have the capability of 99% accuracy from 77 K to 2200 K .  The initial 
efforts of this endeavor are reported in the author ' s  Master of Science 
thesis at the University of Tennessee . 9 6 This calorimete� called Pul se 
Calorimeter I, consisted of a 60-cm-long, 0. 25-cm-diameter specimen sus-
pended in a blackbody vacuum chamber held at room temperature . The 
sample was self-heated by a stepwise pulse of direct current , and a digi-
tal voltmeter was employed to measure the transient power and temperature 
signals . At 1200 K, the power loss was about 25% of the maximum available 
input power . An accuracy of only 98� was achieved in the e stimate of the 
power loss ,  and thus this error alone resulted in a ±0 . 5% error in the 
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specific heat . Since the power loss inc�eased as T4 and a temperature 
capability of 2200 K was desired, it was decided to construct a new calo-
rimeter in which the specimen was placed in an isothermal enclosure within 
a vacuum furnace . This enclosure was to be maintained at a constant 
temperature while the specimen was pulsed one hundred to three hundred 
degrees above the enclosure temperature at rates from 10 degrees/second 
to 50 degrees/second . In this manner, the power los s was kept within 
acceptable limits and was measured by allowing the sample to free-cool 
after the pulse . Part of the research of this thesis was devoted to the 
construction and development of this calorimeter, called Pulse Calo-
rimeter II . A complete description of this technique and method is 
given in Chapter II.  
Thesis Goals 
The efforts of this research were directed toward accomplishing the 
following goals : 
1 .  To construct a new pulse calorimeter capable of 99� accuracy 
from 300 K to 1700 K.  
2 .  To measure the specific heat capacity of nickel and iron to  99� 
accuracy from 300 K to 1700 K and to : 
a .  calculate the magnetic specific heat capacity C , energy vm 
U , and entropy S associated with the ferromagnetic vm vm 
state; 
b. measure the discontinuity �C in the specific heat capacity vm 
at the Curie temperature; 
c .  compare a and b above with theory and other investigations . 
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3 .  To measure the specific heat capacity of disordered Ni3Fe to 
99� accuracy from 300 K to 1700 K and to perform steps 2a, 2b , and 2c for 
this state of order . 
4 .  To measure the specific heat capacity of partially and highly 
ordered Ni 3Fe to 99� accuracy from 300 K to as high a temperature as 
possible and to : 
a .  perform steps 2a, 2b, and 2c for both states ,  
b .  calculate the energy U0d and entropy S0d of ordering at 
the equilibrium critical temperature, 
c .  measure the change on the Curie temperature with ordering . 
5 .  To measure the specific heat capacity of disordered and highly 
ordered Ni3Fe to 99 . 5� accuracy from 1 . 2  K to 4 K in order to determine 
the effect of ordering on the Debye temperature ed, the temperature 
coefficient y of the electroni� specific heat capacity, and the tempera-
ture coefficient a of the magnetic specific heat capacity . m 
6 .  To perform auxiliary electrical resistivity measurements on 
Ni3Fe to 99 . 7� accuracy from 4 . 2  K to 1700 K. These measurements were 
to be made with various heat treatments of the alloy so that the electri-
cal re sistivity might be used to monitor the state of configurational 
order during specific heat capacity measurements . 
7 .  To measure the thermoelectric power of Ni3Fe to  99% accuracy 
from 77 K to 1700 K. These measurements were to be made with various heat 
treatment of the alloy and were to be acquired as an indirect aid in the 
interpretation of the specific heat capacity and electrical resistivity 
data . 
CHAPI'ER II 
MEASUREMENT METHODS AND SPECIMENS 
During the course of thi s research, six different apparatuses were 
used . All but one of these pieces  of equipment as well as the methodology 
employed were developed independent of this work and have been described 
in sufficient detail in the literature . Therefore, only the one , namely 
ORNL Pulse Calorimeter II, will be described herein . 
Three physical properties were measured - specific heat capacity, 
electrical resistivity, and thermoelectric power � Of these, the specific 
heat capacity measurements were of prime importance .  The principal use 
of the electrical resistivity data was as a quantitative indication of 
the state of configurational order of the nickel-iron alloy during heat 
capacity measurements .  Measurements of the thermoelectric power were 
obtained in conjunction with the steady-state electrical resistivity 
measurements described below. 
Electrical Resistivity Measurements 
Electrical resistivity measurements were made by three steady-state 
techniques and during the pulse calorimetric measurements of the heat 
capacity. Of the steady-state methods , two were designed for measurements 
near room temperature and below and the other for measurements  from room 
temperature to 1700 K.  
One of the low-temperature devices 9 7 consisted of a long thin-
walled tube to which the specimen, normally 7 . 5  em in length and 0 . 3 em in 
diameter, was attached by means of two electrodes and two voltage probes .  
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Since these measurements were made below room temperature, the electrodes 
and probes were affixed to the specimen by means of adhesive tape and were 
placed at the ends and 0 . 5  em from the ends of the specimen, respectively . 
This assembly was submerged successively in baths of distilled water, 
liquid nitrogen and liquid helium and a direct current pas sed through the 
specimen . Measurements of the potential E across the probes and the p 
potential E .  across a 0 . 01 ohm standard resistor in series with the speci­l. 
men allowed a calculation of the electrical resistivity p by 
E Ac 
P = 10� Ei r ' 
( 88 ) 
where A was the cross  sectional area of the specimen . The quantity t c 
was the length of the specimen between voltage probes and was ascertained 
by a comparative electrical technique . 9 6 The temperature of the specimen 
was assumed to be that of the bath . The accuracy of the device is 99%, 
±0 . 5  degree, and the p values were repeatable to within ±0 . 5% .  
In both of the other s,teady-state techniques ,  two thermocouples were 
spot-welded to the specimen and the positive thermoelement of each served 
as the voltage probes .  Measurements with the second low-temperature 
technique9 8  were accomplished by attaching the sample to electrodes within 
a furnace which was housed in a vacuum Chamber . After submerging the 
vacuum chamber in either a liquid nitrogen or ice-water bath, the furnace 
was heated to any desired temperature between 77 K and 400 K and the elec-
trical resistivity of the specimen determined . Calculation of p was by 
means of Equation (88 ) ,  yielding an accuracy of 99 .4%, ±0 . 1  degree with 
a repeatability of ±0 . 1%. 
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For the high-temperature measurements, 97 the sample was attached to 
two electrodes and placed in an alumina tube which was an integral part 
of a vacuum system capable of achieving 10- 7 mm of mercury. This tube 
was housed in a furnace which could be controlled at temperatures between 
298 K and 1700 K.  As above , the electrical re sistivity was calculated by 
means of Equation ( 88 ) ,  yielding an accuracy of 99 . 7%, ±2 . 0  degrees with 
a repeatability of ±0 . 03% .  
Measurements of  p during pulse calorimetry are discussed later, but 
in essence were achieved by determination of the quantities requisite to 
Equation ( 88 ) .  All electrical resistivity measurements reported herein 
have not been corrected for thermal expansion of the specimen . 
Thermoelectric Power Measurements 
The thermoelectric power was determined using the last two steady­
state electrical resistivity devices 9 7 , 9 8  outlined above . In both, the 
direct current used in the electrical resistivity measurements was turned 
off and a thermal gradient applied to the specimen . Measurement of the 
potential V+ or v_ between either the positive or negative thermoelements 
of the two thermocouples as well as their temperatures T2 and T1 allowed 
a calculation of the thermoelectric power of the specimen relative to 
the thermoelement 
( 89 )  
The absolute thermoelectric power of the specimen was determined by sub­
tracting the absolute thermoelectric power9 9 of the thermoelement from 
E+ or E_ , as the case may be , 
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The accuracy of determining the thermoelectric power with the low­
temperature device9 8  was 99 . 5�, ±0 . 1  degree to a repeatability of ±0 . 1� .  
For the high-temperature device, 9 7 the accuracy was ±95 . 4�, ±3 degrees 
with a repeatability of ±0 . 2�. 
Specific Heat Capacity Measurements 
Two methods were used for measurements of the specific heat capacity . 
At temperatures between 1 K and 4 K, the method utilized1 0 0  employed a 
2 . 0-cm-diameter and 2 . 5-cm-long specimen which was instrumented with a 
carbon resistance thermometer and upon which a heater was wound . This 
specimen was suspended by means of nylon threads in an adiabatic , vacuum 
chamber , After submerging the vacuum chamber in a liquid helium bath, the 
pressure over the bath was varied to produce the desired temperature of 
the specimen , When thermal equilibrium was obtained between bath, chamber , 
and specimen, a direct current I was passed through the specimen heater 
and the time required �t to change the specimen temperature by an amount 
�T was measured. The specific heat capacity of a specimen of mass  m was 
C = !_ c EMT - C ) p m � a ' (90)  
where E was the potential drop across the specimen heater and C a was the 
heat capacity of the thermometer and heater , Normally, the temperature 
change was about thirty millidegrees  and thus no correction was neces-
sary for heat losses from the specimen , The resistance thermometer was 
calibrated in subsequent measurements against the helium bath tempera-
ture , which is a well established function of the vapor pressure of 
helium. The accuracy of this device was 99 . 5�, ±0 , 002 degree with a 
repeatability of ±0 , 25�. 
69 
The second method of measurement of the specific heat capacity was 
pulse calorimetry . Since Pulse Calorimeter I I  was developed during the 
course of this work, this method is outlined in more detail than the 
resistivity and thermoelectric power technique s .  
The determination of specific heat capacity by pulse calorimetry 
requires measurements of the time dependence of the temperature and the 
electrical power dissipation within the test section of a specimen during 
a heat pulse . A heat balance on the test section during a pulse yields 
Power In = Power Absorbed t Power Loss • ( 91 )  
For methods which employ j oule heating of the specimen by a direct cur-
rent , the Power In is a product of the current I flowing through the 
specimen and the voltage drop E across  the test section . If it is 
assumed that the entire mas s m of the test section increases in temper-
ature at rate dT/dt, the Power Absorbed by the test section is me dT/dt . p 
Here C is the specific heat capacity at the average temperature of the p 
test section . 
As shown in Figure 8, the Power Los s  from the test section is due to 
three mechanisms - radiation, conduction, and convection . These power 
losses may be as ses sed by calculations and/or auxiliary experiments .  At 
high temperatures ,  the dominant method of heat los s is radiation, which 
is relatively simple to calculate by the familiar T4 law. To perform 
this calculation, a knowledge of the geometry of the specimen and its 
surroundings as well as their thermal radiative properties is required . 
Conduction losses may occur both through the thermocouple or 
voltage probe s attached to the test section and through the specimen 
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Figure 8. Schematic Diagram of Pulse Calorimeter Which Utilizes 
Joule Heating to Supply the Required Pulse . The three mechanisms of 
heat los s from the test section are indicated . 
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itself to the electrodes . The latter los s  is a product of the cross-
sectional area and thermal conductivity of the specimen and the instan-
taneous longitudinal temperature gradient at the extremities of the test 
section . Similarly, the losses through the thermocouples or voltage 
probes are a product of their cross-sectional area, thermal conductivity, 
and the transient temperature gradient at their interface with the test 
s ection. Unfortunately,  it is very difficult t o  as certain these temper-
ature gradients during the puls e ;  therefore , it is necessary to des ign 
the experiment so that the conduction loss term is negligible with 
respect to the absorption term .  This can b e  achieved by employing very 
small wires for the thermocouples or voltage probe s and by using long , 
small-diameter specimens .  In a vacuum of 1a-6 mm of mercury or better, 
gaseous convection and conduction los ses are negligible with respect to 
the power absorbed. 
If it is assumed that the heat losses at a given temperature are 
the same during heating as when the power is turned off and the specimen 
allowed to free-cool, the total Power Loss may be determined experimen-
tally and is equal to mC (dT/dt ) , where (dT/dt ) is the free-cooling p c c 
rate . Thus , the expression for C is p 
EI 
cP = I _ I T 
m[dT/dt - (dTjdt )c ] i 
' 
where all terms are evaluated at a particular temperature Ti . 
As discus sed in Chapter I,  two pulse calorimeters have been 
developed at the Oak Ridge National Laboratory in which data were 
acquired that were amenable to treatment by Equation ( 92 ) .  Pulse 
( 92 )  
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Calorimeter I, shown schematically in Figure 9, consisted o� a long, 
cylindrical specimen suspended in a blackbody vacuum chamber held at 
room temperature . The specimen was sel�-heated by a stepwi se pulse o� 
direct current, and a digital voltmeter was employed to measure the 
transient power and temperature signals . Above about 1200 K, the errors 
introduced by the inaccuracies in the evaluation o� the heat los ses led 
to the development o� Pulse Calorimeter I I .  I n  this calorimeter , the 
specimen was placed in an essentially isothermal enclosure within a 
vacuum furnace .  This enclosure was maintained at a selected constant 
temperature while the specimen was pulsed one hundred to three hundred 
degrees above the enclosure temperature . In thi s  manner, the heat 
losses were kept within acceptable limits . 
Other than the enclosure , the instrumentation and methodology 
employed in the operation o� Calorimeters I and II were practically the 
same . In the following discussion o� Calorimeter II, the differences 
between the two methods ·are pointed out . However, the intricate details ,  
such a s  make and model o� commercially available equipment, have been 
deleted. The reader interested in these details is referred to Re�er­
ences 96, 101, and 102 . 
Description o� Pulse Calorimeter II 
The vacuum furnace and sample-holder assembly of Calorimeter II are 
shown schematically in Figure 10. The purpose of this equipment was to pro­
vide for the specimen an isothermal enclosure having a su�ficiently large 
mass  so that its temperature would remain essentially constant when the 
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of this equipment are presented in Reference 102 and are not repeated 
herein . ( The details of the blackbody enclosure of Calorimeter I are 
presented in Reference 101 . ) 
The Specimen . The specimen was nominally 35 em in lengthJ 0 . 25 em 
in diameterJ and was threaded on the upper end for attachment to the 
positive electrode of the sample-holder assembly. It was lapped to a 
diametral tolerance of ±0 . 00025 em to allow an accurate calculation of 
the test section mass  and to produce a mirror surface finish to reduce 
thermal radiation . ( The specimen for Calorimeter I was 60 em in length . )  
Four 0. 0076-cm-diameter thermocouples)  each 2 em in lengthJ were 
tweezer welded to the specimen ' s  surface at 2 . 5  em intervals centered 
about a point which would be in the middle of the enclosure . By observ­
ing the welding through a stereomicroscopeJ the thermocouples were 
positioned precisely so that each thermoelement was exactly opposite and 
parallel to its counterpart and so that the hot junction was made through 
the specimen . This was done to minimi ze the voltage pickup from the 
pulse ·current and to yield more accurate surface temperature measure­
ment s . Proper placement was al so important because the po s itive thermo­
elements served as the voltage taps for the power measurement . Thus J 
three test sections were available for cross-check measurements of 
specific heat capacity. 
Thermometry and Power Circuitry . As shown in Figure lOJ the specimen 
thermocouples were joined to the permanent ly mounted 0 . 025-cm-diameter 
thermocouple wires of the spec imen-holder as sembly .  These  thermocouple 
wires exited the bas e plate through epoxy res in seals and extended to 
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their reference junctions where the required voltage drop and thermal 
emf connections were made to two multistranded copper cables .  As shown 
in Figure 11, each cable fed separate switching systems - one to select 
signals for steady state potentiometric measurements and the other for 
the transient signal measurement circuitry . Use of two switching systems 
avoided ground loops and interaction between the potentiometric and 
transient signal circuitry. 
The specimen power source consisted of up to three voltage-regulated, 
direct-current power supplies ,  which were connected in parallel and which 
were operated in their constant-current mode , The regulation circuits 
of the supplies were modified to provide a step-j ump in the current . At 
steady state the total output current was about 3 amperes , and the pulse 
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Figure 11 . Block Diagram of the Thermometry and Power Circuitry . 
Steady-state data were input to computer on cards and transient data on 
magnetic tape . 
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current was adjustable from 1 to 147 amperes , 150 amperes being the 
maximum output of the combined supplie s .  ( For Calorimeter I, higher 
steady- state current s were required to heat the sample to the tempera-
ture from which the pulse was applied . )  
As depicted in Figure 12, the power circuitry also included two 
current-reversing relays , a shunt , and a standard resistor . The purpose 
of the relays was to allow potentiometric measurements to be made with 
the current flowing in either direction through the specimen . Thi s pro-
vided data for calculating the voltage pickup by the test section thermo-
couples from the pulse current because of misalignment of the thermo-
element j unctions on the specimen . Also ,  these data were used to correct 
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Figure 12 .  Schematic Representation of Specimen Power Supply Cir­
cuitry . Only two power supplies are depicted. 
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The shunt was wired in parallel with the specimen to prevent a short 
circuit of the power supply through the relays during reversal and to 
provide more stable power supply operation by preventing an open circuit 
during reversal . To accomplish this ,  the shunt switch was closed before 
and was opened after the current-reversal relays were activated . By 
placing the 0 . 01-ohm standard re sistor in series with the specimen , the 
voltage drop across it was directly proportional to the current flowing 
through the specimen . Such a transducer was neces sary since current 
could not be measured directly on the digital voltmeter and 
potentiometers . 
The Trans ient Signal Circuitry. Measurement of the test section 
voltage, current , and temperature during the heat pulse was accomplished 
using three separate amplification circuits coupled to a recording digi­
tal voltmeter, DVM. As shown in Figure 13, the signals from the tran­
sient switching system were placed in serie s opposition with a bias 
voltage, and the resulting differential signals connected to the ampli­
fiers . '  Since the DVM was not portable and was located in a different 
building than the amplification equipment, tie-in of the three ampli­
fication circuits to the DVM was accomplished by means of telecommunica­
tion line s .  Due t o  the 60 hertz noise induced on these lines,  it was 
necessary to employ amplifier gains of a magnitude so that the transmitted 
signals changed from 0 . 5  to 10 volts , yielding a large signal-to-noise 
ratio . To further dimini sh the noise, each signal was pas sed through a 
parallel-T rejection filter network tuned for 60 hertz rej ection . Experi­
ments indicated that the DVM was not as susceptible to the effects of 
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Figure 13 . Schematic Diagram of the Transient Signal Circuitry . ( a ) The amplification 
circuitry and (b ) the DVM circuit s . The circuitry between point s X and Y corresponds to that 
between points X and Y of Figure 12 . 
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these noises if the commutating amplifiers of the DVM were operated at a 
gain of ten . Since the output of the commutating amplifiers had to be 
0 to ±5 volts ,  a twenty-to-one attenuator was inserted before each filter 
network . Also, the high-frequency roll-off band pass of the commutating 
amplifiers was set at 45 hertz .  
The heart o f  the DVM was the Control Logic which had a 10 kilohertz 
crystal clock for a time base . This logic circuitry channeled the outputs 
of the commutating amplifiers to an analog-to-digital (A/D ) converter in 
the sequence temperature , voltage, current at the rate of 2000 readings 
per s econd . The A/D converter subs equently changed each of these analog 
signals into a form consisting of a sign plus four digit s ,  yielding a 
readability of 0 . 01� for a full-scale deflection of the DVM. From the 
A/D converter, the Control Logic fed �he digitized signals to a magnetic 
tape unit where they were recorded in a BCD format . 
During the free-cooling cycle of the experiment, the logic was modi­
fied so that the temperature signal was recorded once per second along 
with the t ime elapsed from the start of cooling . The time was calculated 
from the time base frequency of 10 . 0013 kilohertz,  yielding an accuracy 
of the time during heating and cooling of fifty parts per million . 
Calibration Procedure . Calibration data for the three amplifier-DVM 
circuits were acquired by feeding five sets of potentiometrically deter­
mined voltages from the bias units to each amplifier and reading each set 
of amplified signals on the DVM for about 3 seconds ( 6000 readings ) .  
Experience demonstrated that one daily calibration was sufficient , but 
that separate calibrations for each gain employed for a particular 
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amplifier were necessary . Normally, the calibration data were acquired 
prior to all other measurements in a given day . 
Preliminary Data Measurement Procedure . After instrumenting the 
specimen and determining the test section lengths and diameters J the 
specimen was screwed into the posit ive electrode of the specimen-holder 
assembly; and the four 0 . 0076-cm-diameter thermocouples on the specimen 
were welded to the permanently mounted 0 . 025-cm-diameter thermocouples of 
the assembly. The nickel cylinder and cap of the i sothermal enclosure 
were positioned about the specimenJ and the assembly was lowered into the 
vacuum furnace .  After connecting the thermocouple and power lines to the 
vacuum leadthroughs,  the bell j ar was placed on the base plate and the 
chamber was evacuated . (For Pulse Calorimeter I J the specimen was mounted 
directly in the vacuum chamber by clamping to the electrodes . ) 
When the chamber pres sure was 1o-6 mm of mercury or le ss J the power 
supply regulation circuitry was set to yield the desired specimen heating 
rateJ and the amplifier gains and bias voltage outputs were chosen so 
that the maximum possible deflections of the DVM occurred during record­
ing of the transient signals . Finally, the furnace was heated to the 
temperature from which the first heat pulse was to be appliedJ and a 
small steady-state current of about two ampere s was pas sed through the 
specimen . ( Since Pulse Calorimeter I had no furnaceJ the specimen was 
directly heated to the temperature from which the first heat pulse 
was to be applied by proper selection of the steady-state current . ) 
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Steady-State Data Measurement Procedure . When the specimen had 
achieved thermal equilibrium, the four specimen thermocouple emf ' s ,  the 
three test section voltages ,  and the current were measured potentiomet­
rically . The direction of the current through the specimen was reversed 
and these eight steady-state measurements were repeated . 
Transient Data Measurement Procedure . Normally, the temperature 
and power signals of the central test section were recorded during the 
transient data measurements .  Consequently, these signals were fed to the 
amplification circuits after the steady- state data measurements had been 
completed . Since the transient data measurements were differential, the 
DVM was started four seconds prior to the pulse to permit correlation of 
these data with the steady- state potentiometric measurement s .  To initi­
ate the heat pulse,  a switch in the regulation circuitry of the specimen 
power supply was thrown, and the step jump in current which occurred pro­
duced a specimen heating rate of between 5 degrees/s econd and 60 degrees/ 
second . The trans ient s ignals which ensued were recorded by the DVM at 
the rate of 2000 readings/second for the duration of the pulse which 
varied from 10 to 35 seconds in length, depending on the specific heat 
capacity of the specimen, the temperature interval of the pulse, and the 
current pulse size . When a full- scale deflection of the temperature sig­
nal had been achieved on the DVM, all power to the specimen was turned off 
by opening both pairs of current-reversal relays . As the specimen freely 
cooled, the temperature-time response of the test section was recorded 
once per second until the initial steady-state temperature was reached . 
Cooling times varied from 1 to 60 minutes , depending primarily on the 
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specimen temperature and the differential temperature between the specimen 
and enclosure . Upon completion of cooling, the DVM was turned off, one 
set of current-reversal relays was closed, and the specimen was either 
allowed to come to thermal equilibrium for a repeat run or the furnace 
temperature was changed to permit measurements over a different tempera­
ture interval . Figure 14 is a schematic illustration of the data obtained 
on the DVM during a typical pulse . 
Preliminary Raw Data Calculations . Due to the large quantity of 
data collected with the DVM, all calculations were FORTRAN coded for a 
digital computer . The computer placed the data from the DVM magnetic tape 
into arrays of temperature, voltage, and current . Since about 60, 000 
values were recorded for a 30- second pulse, the next step was to condense 
these DVM data as much as pos sible by either averaging the constant signals 
or by systematically eliminating data redundancy . Because the calibra­
t ion signals as well as the s ignals before the puls e were constant, each 
of the se sets of signals was arithmetically averaged and every point was 
checked to ensure that it was within ±1000 DVM units ,  called counts ,  of 
this average . Any point that did not fall within this tolerance limit 
was discarded and another average calculated . This screening technique 
was repeated with tolerances  of ±200, ±100, and ±10 counts . 
A large data redundancy existed for the s ignals during the puls e .  
For example, 667 temperature readings/second were recorded at a heating 
rate of 20 degrees/s econd, yielding a data point every 0 . 03 degree . Such 
close proximity of points was indeed redundant for most applications , 
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and consequently the reading rate was effectively reduced to 0 . 2 degree 
intervals by arithmetically averaging these data in groups of six points ,  
using the screening technique described above . Since the ultimate use 
of the temperature-time signal was the calculation of the heating rate 
dT/dt , the averaged data were smoothed by a least-square techniquel 03 -
c alled the convolute method - in groups of 125 point s ( 25 degrees ) to a 
second-order polynomial in time . 
Amplifier and DVM Calibration Calculation . To allow accurate con-
version of the DVM signals into voltages equal to the amplifier input s ,  
the averaged readings of the temperature, voltage , and current of the 
DVM t aken during the calibration procedure were fitted to a straight 
line by the method of least-squares .  This resulted in expres sions of 
( 93 )  
where V. is the value of the input voltage in microvolts and M. i s  the � � 
average DVM reading in counts .  The quantities A. and B .  were the least-� � 
squares parameters for a particular gain setting of an amplifier . All 
calibration data fit these equations to better than ±0 . 1� .  
Calculation o f  the Temperature, Voltage, and Current During the 
Pulse . The temperature , voltage, and current at any time during the 
pulse were calculated by adding the transient DVM signals to the averaged 
values of the steady-state potentiometric measurements .  As shown in 
Figure 14, the current was constant before and essentially constant dur-
ing the pulse ; therefore , the total current was given by 
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( 94 )  
where I was the average value of the two steady- state potentiometric p 
current readings . The quantity It was the averaged DVM current reading 
at time t during the pulse, and I was the average of all the DVM current 0 
readings before the pulse . The factor of 100 ·was the proportionality 
constant to convert these voltage readings,  which were measured across 
the 0 . 01-ohm- standard res istor, into amperes . The quantity AI was the 
least-squares parameter obtained from Equation (93 ) for the particular 
current amplifier gain employed.  Since the DVM measurements were differ-
ential , B .  of Equation (93 )  cancelled during this conversion of the DVM 1 
signals into voltages .  
In a similar manner , the voltage acros s  the test section was 
( 95 )  
where quantities Ep' �' Et ' and E0 were the voltage circuitry equivalent 
to the similar terms of Equation (94 ) .  
The thermal emf T of the specimen thermocouple during the pulse 1ms e 
Te 
= T + A_[T - (E - E ) ( T* - T ) / ( E* - E ) - T ] p -� t t 0 0 0 0 0 0 
= T + A_ [T ' - T ]  p - �  t 0 
( 96 )  
where the quantities Tp' At ' Tt ' and T0 were the temperature circuitry 
equivalents of the similar terms of Equation ( 94 ) . The term 
( Et - E ) (T* - T ) /(E* - E ) corrected the thermocouple signal for voltage 0 0 0 0 0 
picked up from the current flowing through the specimen ; hence, T� would 
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have been the signal recorded in the absence of pickup . As shown in 
Figure 14, the quantities T{� and E* were obtained by extrapolating the 0 0 
Tt and Et 
curves to the time corresponding to the pulse start . 
The thermal emfs T were converted to temperature s by means of e 
FORTRAN functions . For the Ft-lOi Rh versus Ft thermocouple emfs, a 
function written by D .  R .  Flynn1 0 4  of the National Bureau of Standards 
was used . R .  L .  Simpson1 0 5 of the Oak Ridge National Laboratory wrote 
the function for the Ft-30% Rh versus Ft-{)Cfb Rh thermocouple emfs·. Both 
functions yielded temperatures within one degree of the values recom-
mended by Adams and Davi sson1 0 6 for temperatures between 300 K and 
1700 K.  
Calculation of the Heating Rate During the Pulse . The heating rate 
dT/dt was proportional to the rate of change of the thermocouple emf 
dTefdt and was given by 
dT/dt = S dT /dt , e 
where S was the reciprocal of the thermocouple sensitivity for the 
thermal emf T • A least-squares technique, 1 03 commonly called the e 
(97 ) 
"convolute " method, was employed to calculate dT /dt for every T data e e 
point obtained with the DVM. In particular, a quadratic convolute with 
a 125 point group was normally employed . 
Calculation of the Cooling Rate After the Pulse . In order to calcu-
late the cooling rate (dT/dt ) , it was necessary to calculate first the c 
thermal emf T ' of the specimen thermocouple during the cooling cycle e 
using the expression 
T I = TR + A._[T - T J ' e - T  a . o ( 98) 
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where � and T
0 
are the same as in Equation ( 96 ) . Here, T was the DVM a 
reading of the thermocouple s during free-cooling of the specimen, and TR 
was the steady- state potentiometric reading of the thermocouple with the 
current flowing in the same direction through the specimen as during the 
heat pulse . The temperature T corresponding to each value of T ' was c e 
then calculated using the appropriate FORTRAN function . 
At this point in the calculation, these data had not been checked 
for spurious values . To do this ,  the method of least-squares was employed 
to fit the data in temperature intervals of 50 degrees  or less to an 
equation of the form 
T = a + bt + ct 2 c ( 99 )  
where a ,  b ,  and c were the parameters obtained from the fit . Every point 
was checked to ensure that it was within ±30 degrees of thi s curve . If 
it was not,  its value was replaced in computer memory by the least-
squares point and the fit performed again . This screening procedure was 
repeated with tolerances  of five and one degrees .  The parameters obtained 
after the last tolerance check were used to calculate the cooling rate by 
(dT/dt ) = b + 2ct c 
and was applicable only in the temperature interval of the fit . 
( 100 ) 
Calculation of the Test Section Mas s .  For the cylindrical specimen 
of density p� the test section mas s  m was calculated from room temperature 
measurements by 
m = TTd 
2p 't 
4 
. (101 ) 
The test sect ion ,length t was the distance between positive thermoelement s 
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of adjacent thermocouples and was determined by a comparative electrical 
t echnique before placing the specimen in the isothermal enclosure . At 
least sixteen measurements of the diameter d of each test section were 
made us ing a light-beam micrometer, and the value of d used in Equa-
tion ( 101) was the average of thes e measurements .  
Calculation of the Specific Heat Capacity. Combining Equation (92) , 
on page 71, with Equations ( 94 ) , ( 95 ) ,  ( 97 ) ,  ( 100) , and ( 101) , the 
expression for the specific heat capacity was 
= 
400[Ep + �(Et - E0 ) ][Ip + AI( It - I0 )
] 
nd2p 't [s dTe/dt - (b + 2ct )T , ]T =T '  e e e 
( 102) 
where all quantities are taken at the same temperature . From this differ-
ential equation, the specific heat capacity was obtained for every value 
of T which had been calculated from the DVM data. e 
Calculation of the Electrical Resistivity p and its Temperature-
Rate-of-Change dp/dT . B,y combining Equation ( 88 ) , on page 66, with Equa­
tions (94 ) and ( 95 ) ,  the following expression for the electrical resis-
tivity p was obtained 
(103 ) 
In this equation, the quantities Et and It are function of time t during 
the pulse . Hence, calculation of p for each Et and It recorded during 
heating yielded ,P as A. function of time during the pulse . This then 
allowed calculation of the time-rate-of-change dp/dt of the electrical 
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resi stivity by a method analogous to that used to compute dT/dt from the 
temperature-time relationship . The temperature-rate-of-change dP/dT of 
the electrical resistivity was found by 
( dp ) _ ( � ) ( dT )-1 dT 11 - dt t1 dt t1 ' (104 )  
where T1 i s  the temperature at time t1 • 
Accuracy of Pulse Calorimeter II.  The accuracy of an experimental 
technique may be evaluated by either determining the total error of all 
the quantities which are measured or by measuring on a standard . In the 
first method and for C , the errors of measurement of all the quantities p 
in Equation (102 ) must be assessed .  This was done previously1 01 , 1 ° 2 and 
was found to be ±1 . 05� when the power loss was less  than lOi of the input 
power .  The errors of measurement of the absolute temperature T during a 
pulse yield an uncertainty of ±3 . 0 degrees in T .  
Regarding the method using a standard, no electrically conducting 
material is widely accepted as a standard for specific heat capacity 
above JOO K. In fact the question, "What characteristics should a high-
temperature specific heat standard pos ses s ? "  is  indeed moot . However, a 
number of pure elements have been measured by numerous investigators using 
quite different techniques .  In particular, the specific heat capacity of 
pure iron has been investigated extensively. Previous measurements 1 0 2  of 
C of pure iron have confirmed the calculated accuracy to 1200 K.  p 
One other point can be made in regard to the accuracy of this method 
for Cp . In any experimental measurement ,  if the results are repeatable , 
the accuracy of the technique is usually very good, and conversely.  
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Throughout all measurements ,  the repeatability of C measurements was at p 
least ±0 . 5i even when large changes were made in the procedural variables 
such as furnace temperature and cooling rate . 
Since all of the terms in Equation (103 ) for p appear in Equation (102 ) 
for C , the errors of measurement of p were evaluated from the error anal­p 
ysis made previously1 01 for C • The error in p was found to be ±0 . 48% . p 
Calculation of the errors in dP/dT was much more difficult , but these 
errors were estimated to be less  than ±1 . 5%. 'I'he repeatabilities of p 
and dp/dT measurements were ±0 . 25i and ±1 . 0�, respectively. 
Specimen Preparation and Characterization 
All specimens utilized in this research were prepared from stock by 
the Materials Fabrication Group of the Metals and Ceramics Division of the 
Oak Ridge National Laboratory. The . nickel and iron stock material was 
purchased commercially as "electrolytically pure , "  and a typical chemical 
analysis is shown in Table V. The total co�taminants present in these 
materials were less  than 500 ppm (parts per million ) for the nickel stock 
and less  than 1000 ppm for the iron stock . 
Melting and fabrication of the stock into specimens were accomplished 
under rigid laboratory control in order that contamination be minimized . 
The nickel bar-stock and iron plate-stock were cut into small pieces and 
thoroughly cleaned , For the Ni3Fe alloy, the appropriate proportions of 
nickel and iron were weighed and mixed. The stock for each specimen was 
placed in turn on a water-cooled copper hearth within a "beehive" melting 
chamber .  After evacuating the melting chamber, it was back-filled with a 
partial pres sure of pure ·argon gas . A tungsten electrode was used to 
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TABLE V 
CHEMICAL COMPOSITION IN PARTS PER MILLION BY WEIGHT 
OF SPECIMEN STOCK AND SPECIMENS 
Contents in Parts Per Million by Weight 
Element Nickel Iron Nickel Iron Ni3Fe 
Stock Stock Specimen Specimen Specimen 
Ni 100 75 .4  X 104 
Fe 40 800 24 . 2  X 104 
Al 6 < 200 20 < 300 < 500 
B 0 . 2  . < 0 .1  0 . 2  0 .6  
c 70 50 35 60 20 
Ca 1 1 7 
Cb 2 < 500 
Co 30 10 50 30 < 200 
Cr 1 . 5  100 90 160 < 200 
Cu 5 500 5 500 200 
H2 3 1 < 1 2 K < 0 .7  < 0 . 7  
Mg ,...- 100 
Mn 1 10 25 370 < 200 
:t>b < 2 < 2 70 < 100 
N2 5 9 1 31 23 02 130 120 10 540 88 p 5 5 20 
Pb < 0 . 1  < 200 
pt 3 
s < 0.4 40 
Sb 10 
Si < 150 2 < 150 100 < 100 
Sn 60 
Sr 15 
T < 500 
Ti 0 . 3  0 . 3  1 30 < 100 
v 0 . 3  0 . 3  1 < 200 
Zr 0 . 3  
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strike an arc, and the resulting melt was held in the liquid state for 
about three minutes to facilitate its homogenization . As a further aid 
to homogenization, the arc was collapsed, resulting in the solidification 
of a pancake-shaped billet . This billet was inverted, arc-melted, held 
liquid, and solidified five more time s .  Finally, the billet was remelted 
and drop cast into a 2 . 5-cm-diameter, water�cooled, copper mold . 
These castings were machined to remove surface imperfections and then 
swaged to 0 . 32-cm diameter to eliminate casting voids , The final diameter 
of the low-temperature specific heat capacity specimen was about 1 em.  
Due to  the added strength in  the cold-worked condition , the rods were 
machined and lapped before annealing . After annealing the iron and nickel 
specimens at 1100 K and the alloy at 1300 K for 24 hours in vacuums of 
about 10- 7 mm of mercury, the specimens were ready for instrumentation . 
Chemical analyses of the specimens taken after annealing are shown 
in Table V. Comparing the se analyses with those of the stock materials , 
it is seen that some contamination occurred .during fabrication . In partic­
ular� the iron specimen contained 540 ppm oxygen and 370 ppm manganese, 
whereas the stock material had only 120 ppm oxygen and 10 ppm manganese .  
The increase in the oxygen content was probably a result of an impure 
atmosphere in the melting chamber, but the source causing the manganese 
increase is  unknown . Also, the nickel specimen contained 800 ppm iron, 
though the stock had only 40 ppm. Since the iron specimen was prepared 
first , it was concluded that the hearth , or mold, was not properly 
cleaned before fabrication of the nickel specimen. The analysis for the 
impurities of the Ni3Fe alloy was by semiquantitative techniques , except 
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quantitative methods were employed for elements which could have been 
"picked up" during fabrication - such as oxygen and nitrogen . 
These analyses indicate that the nickel specimen was at least 99 . 89� 
pure and that the iron specimen was at least 99 . 79� pure . The alloy was 
estimated to contain 0 . 13� impurities by weight and to be 74 . 77 atomic 
percent nickel and 25 . 23 atomic percent iron . 
Photomicrographs of the specimens after annealing are displayed in 
Figures 15; 16, and 17 . In Figure 15, both the transverse section and 
longitudinal section of the nickel specimen are shown in an etched con-
dition at lOOx and 500X. ( The term lOOx refers to a magnification of 100 
in the original photomicrograph . Some reduction has occurred in produc-
tion of these figures . The scale shown in the figure gives the correct 
magnification . )  Little preferred orientation of the grains ,  resulting 
from swaging, is noted in the longitudinal sections of Figure 15 ( c )  and 
15 ( d) . However, a second phase, presumably an oxide, appears as minute 
specks in both sections at 500x . 
· In Figure 16( a) and 16(b ) , photomicrographs at 500x of the longitu-
dinal and transverse sections of the iron specimen in an etched condition 
illustrate the extremely fine, striated, preferentially oriented struc-
ture present after annealing . In contrast, Figure 16 (c ) ,  which is for 
an etched condition and is at lOOx, depicts the large, uniform grain 
structure of the iron specimen after the C measurements in the y region . p 
These measurements required four hours at 1250 K and three 30-second 
pulses to about 1700 K. Note the subgrain structure of the large grain 
in the center of Figure 16 ( d ) ,  which was taken at 500X. Also prevalent 
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Figure 15 . Photomicrographs of the Nickel Specimen in Etched Con­
dition After Annealing . (a ) Transverse section at lOOx; (b ) transverse 
section at 500x; (c ) longitudinal section at lOOx; and (d ) longitudinal 
section at 500x.  Etchant composition was 60 cubic centimeters acetic 
acid, 40 cubic centimeters nitric acid, and 0 . 5  cubic centimeters hydro­
chloric acid . Note the second phase in (b ) and (d ) . 
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Figure 16 . Photomicrographs of the Iron Specimen in Etched Condi­
tion . (a ) Transverse section at 500X after annealing ; (b ) longitudinal 
section at 500X after annealing ; (c ) transverse section at lOOX after C 
measurements in y-stable region ; and (d ) same as (c ) but at 500x. See-P 
ond phase appears as black dots . Note subgrain structure in (d ) . 
Etchant was saturated solution o f  picric acid in ethyl alcohol . 
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Figure 17 . Photomicrographs of Iron and Ni3Fe Specimens . ( a )  Longi­
tudinal section of iron specimen at lOOx in as-polished condition reveal­
ing second phase as black dots ; (b ) transverse section of disordered Ni3Fe 
specimen at 500x etched with a solution of 10� nitric acid, 30� hydro­
chloric acid, and 30i glycerol (by volume ) ;  ( c )  etched transverse section 
of disordered Ni3Fe specimen at 500X; and (d ) etched transverse section 
of disordered Ni3Fe specimen at 200X .  Etchant for ( c )  and (d )  was satu­
rated solution of ammonium persulfate in water . 
98 
in this figure is a second phase . This phase is probably an oxide 
because the iron specimen contained 540 ppm oxygen . From Figure 17 ( a ) ,  
the amount of the second phas� was estimated to be about 1% by volume . 
The microstructure of the Ni3Fe alloy specimen was similar to that 
of the nickel specimen except the grain size of the alloy was larger, as 
can be seen by comparing Figures 17 (b ) and 15 (b ) .  Vitingl0 7 reported 
that an etch of the alloy with a saturated solution of ammonium persul­
fate revealed a structure in which the ordered phase appeared white and 
the disordered phase appeared dark . This etchant was used on the speci­
men before annealing - a highly disordered state - and on a specimen 
which had been cooled in a furnace at a rate of 7 . 5  degrees/minute - a 
state possessing a small amount of local order . The microstructure of 
both of these treatments showed a large amount of light and dark areas , 
and diamond-pyramid hardness tests indicated little difference in the 
hardness between the light and dark areas of a given treatment . Photo­
micrographs of the furnace-cooled specimen are shown in Figure 17 ( c ) 
and 
·17 ( d) . It is the author ' s  opinion that the difference in brightnes s 
of the grains is due only to orientation differences . 
Note that a small amount of second phase was present in the alloy. 
This phase , probably an oxide , is more obvious in Figure 17 (c ) in which 
it appears as small black dots . 
In recent literature, the ratio of the resistance of a specimen 
at 298 K to that at 4 . 2  K has been used as a semiquantitative test of 
the purity of a specimen . However, this test is not as conclusive for 
ferromagnetic materials unless the specimen is placed in a magnetic 
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field large enough to saturate it magnetically . That is,  the in-field 
ratios of a given specimen may be as much as an order of magnitude higher 
because of the absence of magnetoresistance effects at 4 . 2 K.  On the 
other hand, out-of-field measurements are helpful . For example, Fulkerson, 
Moore , and McElroy97 report a ratio of 11 . 5  for a 99 . 06� pure iron and 
a ratio of 26 . 2  for a 99 . 93� pure iron . These values compare favorably 
with the value of 25 . 8  obtained on the 99 .79i pure iron specimen of this 
investigation . 
For nickel,  Powell , Tye , and Hickman1 0 8 report a ratio of 108 for 
a "spectrographically pure " (presumably 99 . 99� pure ) nickel specimen . 
The 99 . 89� pure nickel specimen of this investigation had a ratio of 38 . 0 .  
Voids were not observed in any of the metallographic examinations of 
samples from the three specimens .  Previous experience9 6 has demonstrated 
that a specimen prepared as described above may be assumed to be 100% 
dense in the absence of metallographically detectable voids . As further 
proof of the validity of this assumption, numerous electrical resistivity 
measUrements at room temperature were made along the length of the three 
specimens using two knife blades separated by a known distance as voltage 
probes . Variations of ±0 . 1�, the reproducibility of the method, were 
noted in the resistivity. Also, the absolute value of the resistivity of 
the iron and nickel specimens was within the experimental error ( ±0 . 3�)  
of literature values of specimens of comparable purity . Consequently, the 
density of iron (7 . 874 grams/cubic em) and nickel ( 8 . 902 grams/cubic em) 
reported in the Metals Handbook1 09 was employed in calculations of the 
mass of the specimen by Equation (101 ) ,  page 88 . 
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The theoretical density of the disordered Ni3Fe alloy was calculated 
from the lattice parameter data of Wakelin and Yates 8 4 and found to be 
8. 5745 grams/cubic em. Density measurements by a water immersion tech­
nique yielded a value of 8 . 6065 grams/cubic em. The average of these 
two values 8 . 59 grams/cubic em was used in Equation (101 ) to calculate 
the mass of the alloy . 
CHAPTER III 
RESULTS AND DISCUSSION 
In this chapter, the experimental results on nickel, iron, and 
Ni3Fe are presented and compared with values from the open literature . 
Calculations of the quantities Cvm' 6Cvm' Uvm' and Svm - which are asso­
ciated with the ferromagnetic state of these solids - are given and are 
discus sed with respect to the theories presented in Chapter I .  The 
energy and entropy of the order-disorder transformation of Ni3Fe are 
calculated, and the effects of this transformation on the various 
measured and calculated quantities are presented and discussed . 
Specific Heat Capacity of Pure Nickel and Iron 
Smoothed values of the specific heat ca�acities of pure nickel and 
iron are presented as a function of temperature in Figures 18 and 19, 
respectively . These values were obtained from plots of the data acquired 
using Pulse Calorimeter II .  The scales of these plots were chosen to 
maintain four significant digits in C and the nearest half degree in T .  p 
A smooth curve was drawn through these plotted data in a manner such that 
the 99i accuracy of the method was not affected . Figure 20 is typical of 
these plots and depicts the C of nickel between 700 and 850 K. In this p 
figure, data from three separate pulses are plotted at increments of two 
and one-half degrees . Note that pulse one has about a one percent oscil-
lation from the smooth curve between 725 and 750 K. A similar oscillation 
also appeared in the calculated value ?f dT/dt of pulse one and was attrib­
uted to a series of small spikes in the temperature signal which were not 
completely removed by the data screening or data smoothing techniques .  
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Figure 18 . Smoothed Values of the Specific Heat Capacity of Nickel 
from 333 to 1323 K Determined by This Investigation . Note the discontinu­
ity of 7 . 64  joules/gram-atom degree at 633 K, the Curie temperature . 
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Figure 19 . Smoothed Values of the Specific Heat Capacity of a-Iron 
from 318 to 1178 K Determined by This Investigation . Note the discontinu­
ity of 16 . 64  joules/gram-atom degree at 1043 . 2  K, the Curie temperature . 
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The cause of the spikes - a dirty contact in the oscillator of the tern-
perature circuit amplifier - was discovered after most of the data on 
nickel and iron were obtained . However, the effects were not signifi-
cant enough to warrant repetition of the se measurements .  Fortunately, 
the measurements on the Ni3Fe alloy were made either before the oscil-
later became faulty or after it was repaired . Consequently, the data 
on the alloy were not smoothed ;  For completeness,  the smoothed values 
of C of nickel and iron are listed as a function of temperature in p 
Tables XXI and XXII in the Appendix. 
For the sake of comparison, the measurements of the specific heat 
capacity of nickel and iron of several other investigators are presented 
in Figures 21 and 22 as difference plots based on the measurements of the 
author . Most of these measurements are within ±2� of the author ' s .  
Since ±2% represents the combined errors of the author and the other 
investigators,  these measurements are essentially in agreement . However, 
two regions of significant disagreement are evident from these figures, 
namely in the vicinity of the Curie transformations and at high tempera-
tures .  It i s  the author ' s  opinion that these differences are due to 
experimental difficulties in these two regions,  and cannot , for example, 
be attributed to impurity effects . 
Measurements of C Near the Curie Temperature of Ferromagnets p 
Due to the definition of the specific heat capacity, it can be 
measured only by techniques in which the temperature of the specimen is 
changed . Most methods of direct measurement produce this temperature 
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Figure 21 . A plot of the Specific Heat Capacity of Nickel of this 
Investigation Minus that of Five Other Investigations from 333 to 1323 K .  
The solid curves represent ±2% deviations from the values of  this investi­
gation . Numbers in parenthese s in legend are reference numbers . 
i 
! . .  
1 �00 
1-' 0 0' 
8.00 
6.00 
Gj ...... a: <.:> ...... Cl 
:r �.00 0 ..... a: 
I 2: 
5 ..... ::::: 2.00 
....J :::l 0 ..., -
� ...... w 0 z ...... a: ...... u.. u.. 
Cl 
>-!:::: -2.00 








� � ...,_ �� -� -- � � · - - ' ,  -� 
� � 
"'-..../ -� � � / II � I \  \\ 
lit HULTGREN, O.l, ANDERSON, AND KEllEY (82) 
.+ llAUN (110) 
t!J �AlliSTU ( 1 13) , 
., DENCH AND KUIIASCHEWSKI (114) -t- WALLACE, SIDLES, AND DANIELSON ( 1 1 5) 
>C McELROY (1 16) 
• ANDERSON AND HULTGREN (117) 
I ... . · --500 700 900 1 \ 00  
TEMPERATURE ( KELV IN l 
Figure 22 . Plot of the Specific Heat Capacity of a- Iron of this 
Investigation Minus that of Seven Other Investigations ·from 318 to 
1178 K .  The solid curves represent ±2% deviations from the values of 





change by means of electrical power, which nec e s s itates the measurement 
of the temperature of the specimen as a function of time . The require-
ment of a tran s ient specimen t emperature leads to extreme difficultie s 
in C measurement s at the criti cal temperature of a second-order tran s ­
p 
formation . It i s  the author ' s  opinion that thi s is the reason for the 
large discrepancies between the various measurement s of the specific heat 
capacity of nickel and iron near their Curie transformation s . The follow-
ing detailed argument is given to support thi s hypothe s i s . 
Near the Curie temperature T , the temperature - t ime relationship of 
c 
the specimen of an adiabatic or puls e  calorimeter operating with a slowly 
increasing power i s  shown in Figure 23 ( a ) . ( The case for a decreasing 
power is s imilar but is not pres ented . ) If the spec imen i s  completely 
i sothermal , the temperature-time relationship will be that of the ideal 
curve of this figure . However, when the specimen has a temperature grad-
ient within it, the temperature-time relationship will be smoothed as 
shown . The temperature-rate-of-change dT/dt and C obtained us ing the se 
p 
relationships are depicted in Figure 23 ( b ) and 23 ( c ) . Note that the C p 
value s below T are too low and thos e  above T are too high for the c . c 
smoothed relationship . Als o ,  the maximum C occurs below the true Curie p 
temperature for the smoothed case and the maximum value of C is much p 
lower than that for the true relation ship . 
Suppose, on the other hand, that the t emperature-time relat ion-
ship is ideal or that the t emperature gradient in the specimen is small 
( the order of a t enth of a degree ) . Us ing an adiabatic calorimeter, the 
T 
dT 






















Figure 23 . Effect of a Temperature Gradient in the Specimen of an 
Adiabatic or Pulse Heating Calorimeter During Cp Measurements Near the 
Curie Temperature Tc of a Ferromagnet . (a )  Temperature T of specimen 
versus time t during measurement . (b ) Temperature-rate-of-change dT/dt 
of specimen versus T of specimen. ( c ) Cp of specimen versus T of 
specimen. Both the ideal (no gradient ) and smoothed (with gradient ) 
results  are shown for a slowly increas ing specimen power. 
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t emperature int erval used in calculat ing 6T/6t . mus t  be small ( le s s  th an 
about a d�gree ) and must not span the Curie temperature in order to yield 
accurate value s of C • With the pul se calorimeter used in this work , it 
p 
i s  nece s s ary to treat the data above and below T separately in order to c 
obtain accurate C value s .  To accomplish thi s ,  the exact value of T p c 
must b e  known . How then doe s choos ing the wrong Curie temperature affect 
the value s of C derived with this technique ? Con sider Figure 24 and p 
r emember that the data are smoothed twice us ing a second-order polynomial 
in t ime before dT/dt is calculated . Thi s figure shows the effect on T,  
dT/dt , and Cp if the temperature Tb i s  chosen above Tc . Note that below 
T , the C value s are too low, but between T and T
b the C 
value s are c p c p 
too high . Above T
b
' the calculated value s · of C
p 
are correct . 
In Figure 25 , an example for which too low a Curie temperature has 
b een selected is presented , For this choice , the Cp value s below Tb 
are 
correct , the C
p 




are too low, and the value s 
above T
c 
are too high . Obviously, treating the data above and below Tc 
as an entity, that i s  without selecting a Tb ' yields the re sult s shown 
in Figure 23 . 
The qualitative argument di scu s s ed above i s  now made quantitat ive 
by pre s entation of a particular example of various treatments of data 
taken near T of nickel in Pulse Calorimeter I I .  The data used in thi s  c 
example are very representative of that acquired on nickel and iron . For 
example, the furnace temperature was about 570 K, and the heating and cool­
ing rat es of the specimen at this t emperat ur e  were 8 . 0  and 0 . 09 degr ees / 
s econd, r espect ively .  A maximum spec imen t emperature o f  870 K was ach ieved 















Figure 24. Effect of Choosing a Break Temperature Tb Which is 
Above the True Curie Temperature Tc in a Pulse Calorimetric Measurement 
of the Specific Heat Capacity of a Ferromagnet . (a )  Temperature T of 
specimen versus time t during measurement . (b ) Temperature-rate-of­
change dT/dt of specimen versus T of specimen . ( c )  Cp of specimen versus 
T of specimen. Results for the correct choice (ideal curve ) and incor­
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Figure 25 . Effe ct of Choosing a Break Temperature Tb Which is 
Below the True Curie Temperature Tc in a Pulse Calorimetric Measurement 
of the Specific Heat Capacity of a Ferromagnet . ( a ) Temperature T of 
specimen versus t ime t during measurement . (b ) Temperature-rate-of­
change dT/dt of specimen versus T of s pecimen . (c ) Cp of s pecimen 
versus T of specimen . Result s  for the correct choice (ideal curve ) 
and incorre ct choice (smoothed curve ) of Tc are shown . 
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specimen were 12 . 3  and 0. 90 degrees /second, respectively . At the Curie 
temperature, 633 . 0  K, the heating rate was about 10 degrees /second and 
the cooling rate was about 0 . 1  degreejs e cond. Als o ,  from the steady-
state temperature measurement s ,  the longitudinal temperatur e gradient on 
the test section of the specimen was e s t imated to be 0 . 5  degree/em . From 
qualitative heat tran s fer argument s ,  it was estimated that the measuring 
thermocouple was affected by specimen material which varied in tempera-
ture by as much as one degree . Hence, C value s obtained within 
p 
±1 . 0  degree of T c annot be expected to be correct because s ome of the c 
specimen will have transformed and some will not have transformed . 
In order to s elect T , every fifth point of the temperature signal 
c 
recorded on the DVM was plotted as shown in Figure 26 . These point s were 
approximately 45 milliseconds apart in time and 0 .45 degree apart in 
temperature . Note that the straight line drawn between point s 20 and 105 , 
a temperature span of 7 . 3  degrees , fits thes e data t o  within ±0 . 1%. Like-
wi se the straight line between points 100 and 170, a temperature span of 
6 . 3  degree s ,  describes the s e  data to within ±0 . 1% .  These two lines are · 
not parallel and intersect at a point corresponding to 633 . 2  K. Thi s 
plot , per s e ,  is ample proof that the Curie tran sformation is second 
order becaus e even though a temperature gradient existed within the 
s ample , the s lope of the temperature-time relationship is obviously dis-
continuous at T • Therefore ,  C is discontinuous at T , the criterion 
c p c 
for a second-order trans formation . 
Another plot which is extremely useful in choosing T is shown in 
c 
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Figure 26 . Plot of Temperature of Spec imen as Function of Time 
from Data Recorded on DVM During Heating of the Spec imen Through it s 
Curie Trans formation . Every fifth temperature point recorded is shown . 
The se point s are s eparated by 0 .45 degree in temperature and 45 milli­
s econds in time . · Note the dis continuity of slope at the Curie temper­
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on the DVM i s  plotted versus the temperature signal . The di fference in 
slope of the two straight line s drawn through the se data i s  more obvious 
than the previous example . Thi s  i s  due} of cour s e }  to the compounding 
of the di scontinuitie s of C and dP /dT at T } the voltage be ing directly 
p . c 
proportional to the electrical re s i stivity p with a constant current 
through the sample . Thi s  method yielded a T of 632 . 9  K .  
c Sinc e thi s  
method of determining T is more reliable due t o  the sharper dis continuity 
c 
of the slope s }  a Curie temperature of 633 . 0  K was s elected as the true 
Curie temperature of pure nickel . 
Figure 28 shows the re sult s of five different treatment s of the data 
of a s ingle pul s e  on nickel near T as well as the smoothed value s shown 
c 
in Figure 18} page 102 . Note that smoothing the data twice as an entity 
with a 151 point group (hereafter referred to as PG ) J  produce s  the 
" smoothed" result s of Figure 23, page 109 . With the heating rate employed 
in obtaining thes e  data} a 151 PG corre spond� to a 13 . 5  degree tempera-
ture interval . It i s  significant that the maximum value of 37 .4  j oule s / 
gram-atom degree occurs at 627 K for thi s  treatment . Approximately thi s  
Cp value and temperature are reported a s  the maximum Cp and Curie tem­
perature by s everal of the inve stigator s ment ioned previously} suggest-
ing that their measurements were made without proper regard to the Curie 
tran s formation effect s .  
Of the four other treatment s shown in Figure 28} two are for 
selected Curie or "break "  temperature s above the true T and two are for 
c 
below the true T • These are included to show the differenc es obtained 
c 
with two s i ze s  of the temperature-time smoothing group in calculating 
42 
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Figure 28. Effects o n  the Calculated Value s o f  the Specific Heat 
Capacity Resulting from Five Different Treatments of the Data of a 
Single Pulse on Nickel Near the Curie Temperature, 633 . 0  K .  Smoothed 
( reported ) curve of Figure 18, page 102, is als o  shown . See text for 
discus s ion . 
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dT/dt, namely a 65 PG and a 125 PG corresponding to temperature interval s 
of 5 . 9  and 11 . 3  degrees . 
With a s elected break temperature of 630 . 6 K, which i s  2 . 4  degree s  
below the true T , the value s obtained below T with a 125 PG smooth are c c 
too low. This is because a second-order polynomial in t ime did not 
properly de scribe the temperature-time relationship over a 11 . 3  degree 
interval immediately below T • However ,  below 625 K the s econd-order 
c 
polynomial in time i s  sufficient because the value s obtained with the 
125 PG and 65 PG are e s sentially the same . Although not shown in this 
figure ,  a 45 PG - a 4 . 0  degree interval - was used and yielded e s s en-
tially the same values as the 65 PG .  Use of this smaller PG s i ze was 
not de s irable due to the larger o s cillations in C
P 
that are obtained . 
This effect can be seen between 613 K and 623 K in Figure 28 when the 
result s of the 65 PG and 125 PG treatment s are compared . 
The result s obtained with the break temperature s s elected above the 
true Tc are completely analogous . That i s ,  the 125 PG i s  too large for 
treatment s in the immediate vicinity of T • 
c 
Figure 29 depict s re sult s obtained when temperature s  2 . 8, 2 .4, 2 . 0, 
and 0 . 5  degree s below the true T were s elected as the break tempera­
c 
tures .  All computations were made using a 65 PG .  Note that the value s 
obtained using a Curie point of 632 . 5  K are too low below T because of c 
the temperature gradient in the sample . Using the Curie temperatur e s  of 
630 . 2, 630. 6 ,  and 631 . 0  K, only the data above these temperatures are 
in error as predicted in Figure 25, page 112 . 
Figure 30 i s  completely analogous to Figure 29, except that break 
t emperatures 0 .1 ,  0 . 9, and 1 .6 degree above the true Tc were used . Only 
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the values below the T are in error as predict ed in Figure 24 , page 111 . 
c 
Not ice that mis s ing T by only 0 . 1  degree serious ly affect s the C c p 
values below T . 
c 
To recapitulate, great care must be exercis ed in measuring the 
spec ific heat capacity near the Curie temperature of ferromagnet s . In 
particular , temperature gradients in the s ample mus t  be eliminated as 
much as pos s ible ; the functional form as sumed for the temperature-time 
relationship used in calculating dT/dt mus t  be correct ; and calculat ion s 
must not span the true Curie temperature . Use of a recording digital 
voltmeter i s  extremely advantageous in the s e  measurement s because the 
data can be treated in many different ways to obtain meaningful result s 
as shown in Figures 28, 29, and 30. 
Measurements of C of Nickel and Iron Above 1200 K 
At t emperatures above 1000 K, accurate specific heat capacity det er-
minations become increas ingly difficult . In part icular , thermocouple 
thermometry errors occur becaus e of the breakdown of the electrical 
insulation material in which the thermocouple s  are sheathed and because 
of contaminat ion of the thermocouple s  by their environment . The latter 
was the principal complication encountered in the measurement s of C of p 
iron and nickel above 1200 K. 
The s olid C :T  curve of Figure 31 was obtained on the nickel speci­
p 
men in Calorimeter I I  using pul s e s  from furnace temperature s of les s  than 
1100 K .  When the furnace temperature was rai s ed t o  1220 K and pul s e s  to 
1500 K were performed, the C value s calculated with the thermocouple s p 
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Figure 31 . Illustration of Error s in Measured Value s of C of 
Nickel Re sulting from Contamination of Thermocouple s .  Solid c�ve 
obtained from p�l s e s  with furnace temperature s below 1100 K and the 
data shown as points were acquired after a furnace temperature of 
1220 K had been employed . 
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as temperature sensors were about 5� too high, as shown in Figure 31 . 
Subsequently, the furnace temperature was lowered to 840 K, and the C 
p 
value s obtained from a pulse to 1080 K were about 6% high . However, 
when the data from the se two pul s e s  were rec alculated using the specimen 
as its own re s i stance thermometer, the C value s were found to be within p 
the experimental error of thos e  obtained previously .  Thi s confirmed that 
the thermocouple s  had been contaminated after the furnace temperature 
was rai sed to 1220 K.  
Examination o f  the specimen thermocouple s  after the s e  measurement s 
revealed that they had been coated with nickel . This i s  under standable 
because at 1220 K the vapor pre s sure of nickel i s  within an order of 
magnitude of the pre s sure which was maintained in the furnace (101 7 milli -
meters of mercury ) . In addition, it i s  believed that during a puls e ,  
large temperature gradient s occur within the thermocouples near their 
junction with the specimen . Thi s  gradient would greatly amplif,y the error 
producing effe c t s  of inhomogeneitie s  in the thermocouple s caused by their 
contaminat ion with nickel . 
Similar re sult s were observed during the measurement s of the C of p 
y-iron . Due to the s low kinetics of the a-y transformation, C measure­p 
ment s on y-iron could not be made with pulses from the lower temperature 
a- stable region . This nece s sitated heating the furnace to about 1200 K 
and allowing the tran sformation to occur before C measurement s .  Value s 
p 
of C acquired in sub sequent pul s e s  were 10 to 20% too high and did not p 
have the correct temperature dependenc e .  However, when the se data were 
recalculated using the specimen as it s own re s i stance thermometer, the 
124 
C values computed between 1200 and 1500 K sub stantiated those of Dench 
p 
and Kubaschewski , 1 1 4  as shown in Figure 32 . 
The result s on iron and nickel discus sed above were obtained using 
Ft-10� Rh versus Pt thermocouple s .  Reasoning that a small amount of con-
tamination might gro s s ly affect the absolute thermoelectri c power of the 
pure platinum thermoelement, but not of the alloy thermoelement , Pt-70% Rh 
versus Ft-6� Rh thermocouples were employed during remeasurement s of iron . 
The C value s obtained on a- iron with the latter thermocouples were within p 
the experimental error of tho s e  obtained with the former thermocouple s ,  
but the C value s o f  a-iron were a s  much a s  20� too high . Again , use p 
of re s i stance thermometry confirmed that contaminat i on had occurred . 
In retro spect , the large discrepancies at high temperatures among 
the various measurement s  of iron and nickel which appe ar in the litera-
ture are ,  in the opinion of this author, due to thermometry error s . The se 
thermometry error s are influential in two ways . Fir s t ,  errors in the 
absolute temperature can change where the C value is to be placed in the 
p 
C : T  relationship . This is very important near the Curie point s of iron p 
and nickel where a five degree error produce s  a 3i error in Cp . Sec-
ondly, contamination causes serious errors in the c omputed value s of �T 
used in the calculation of C • The total error induced into the measure­p 
ment of C by the se thermometry error s depends on the temperature gradient p 
in the thermocouple in the contaminated re gion . Of course, thi s gradient 
will depend on the method and experimental apparatus employed . 
In conclusion, pulse calorimetry employing thermocouple thermometry 
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Figure 32 . Measurements of the Cp of r- Iron . Not e the excellent 
agreement of puls e one with th e Cp values of Deneb and Kubaschewski . 
Number s  in parentheses in legend are reference numbers . 
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Repeat measurement s at low temperatures reveal whether contamination of 
the thermocouple occurred at higher t emperatures . 
Preliminary Comment s on the Calculat ion of C of Nickel and Iron IJlll 
Solution of Equation (12 ) ,  page 8, for the magnetic specific heat 
capacity yields 
c = C  - c - c - c - c - c vm p vh va ve d vw ( 105 ) 
In order to c alculate C from the measured value s of C , each of the vm P 
other terms on the right -hand side of Equation ( 105 ) mus t  be evaluated . 
The theoretical expre s s ions for the s e  contribut ions have been di scus sed 
in detail in Chapter I .  It was noted that thes e expres s ions are s ubj ect 
to many qualificat ion s ; in the present treatment , the following post u-
lat e s  were us ed in their evaluation : 
1 .  The harmonic contribution Cvh i s  preci s ely given by the Debye 




2 .  The anharmonic contribut ion e
va 
i s  linear in temperature ; and 
the magnitude of the constant of proportionality B, as well as 
its sign, must be determined experimentally . 
3 .  The electronic contribution C is given by the sum of a term 
ve 
linear in temperature and another cubic in temperature, yT + AT3 • 
The con stant y is the t emperature coefficient of C determined 
p 
near liquid helium temperatures and the constant A also must be 
found experimentally .  
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4 .  The dilation contribution Cd is given by the Nernst-Lindemann 
approximation .  
5 .  The contribution C due to  the atomic rearrangement of the vw 
atoms of the solid is assumed to be negligible . 
Some justification for these assumptions is given for the case of nickel 
and then extended without further proof to iron . 
Using the symbology of Chapter I, define C by the expression X 
( 106 ) 
The quantity C is a convenient tool in the evaluation of C because x vm 
it does not contain second-order terms - namely C and the AT3 term of va 
Cve ' Also ,  C is approximately equal to C near T and below 300 K. x vm c 
This definition has three parameters - ed, Ynt' and y - whose values 
must be selected to evaluate ex . The constants y and Ynt are tempera­
ture independent , but the Debye temperature ed is not . However, use of 
a temperature dependent ed in the Debye theory of specific heat capacity 
is contradictory to its basic premise; that is ,  the existence of a 
single characteristic temperature or cut-off frequency for the harmonic 
oscillations of the normal modes of the atoms of a solid .  Consequently, 
the value of ed chosen should be one which is applicable in the temper-
ature range of interest . This is impossible in the evaluation of C vm 
of nickel and iron because the temperature range necessary is too broad 
for a single ed . Its selection must then be based on the temperature 
range where it is most important . 
Below about 100 K, the value of C ( or C ) for nickel and iron is  x vm 
small . Between 100 K and temperatures of about 0 . 7  ed (� 300 K) , the 
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value of ex ( or Cvm) is controlled largely by the value of Fd(T/ed ) ,  
which i s  a rapidly varying function of temperature . At temperatures in 
excess of 0 . 7  ed, Fd (T/ed ) varies slowly with temperature and the value 
of ex is not significantly affected by the choice of ed . Hence, the 
important temperature range is,  in the opinion of this author, between 
100 K and about 300 K.  This opinion was not shared by the various other 
investigators who have presented calculations of C of iron and nickel vm 
in the open literature . They chose a ed evaluated either at liquid helium 
temperatures or between 20 K and 50 K .  Some consequences of  these choices 
are presented below for nickel. 
Calculation of C� of Nickel 
In the following calculation of Cvm of nickel, the compilation of 
Hultgren, Orr, Anderson, and Kelley8 2 was used for C values below room p 
temperature .  Above room temperature, the data employed were obtained in 
this investigation . These data are presented in Figure 18, page 102, and 
in Figure 31, page 122 . The latter data were obtained using resistance 
thermometry and were normalized to agree with the former in their region 
of overlap . ( The lowest temperature point of the latter was brought 
into coincidence and the remainder were corrected a proportionate amount . )  
These data are list ed in Table XXIII in the Appendix. 
The value of r employed, 7 . 028 x 10- 3 j oules/gram-atom K2 , was that 
calculated by Dixon, Hoare, Holden, and Moody3 3  from their C measure­p 
ments from 1 K to 4 K. Use of their r value was based on the excellent 
agreement between the r values of Dixon, Hoare, and Holden34 on dis-
ordered Ni3Fe and those obtained by J ,  0 .  Scarbrough of the Oak Ridge 
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National Laboratory for use in this work. The value of rn£' 
2 . 624 X 10-6 gram-atom/joule, was selected from the compilation of 
Gschneidner . 1 18 
e of Nickel . Reconsider the quantity e . In Figure 33 ( a ) , e � X X 
is evaluated using the values of y and Ynt described above and a ed of 
471 K, which was obtained from the low-temperature e measurements of 
. p 
Dixon, Hoare, Holden, and Moody, 3 3  This  ed is in good agreement with the 
value of 477 K found by Alers1 1 9 using low temperature elastic constant 
measurements .  In Figure 33 (b ) , a ed of 390 K was used to calculate ex' 
but y and Ynt were not changed . This Debye temperature was calculated 
by Hofmann, Paskin, Tauer, and Weiss 6 2 from the e data of Busey and p 
Giauque1 2 0 between 20 and 50 K. Rayne and Kemp1 21 also obtained a ed of 
390 K from their e measurements between 1 . 2  and 4 . 2  K .  p 
Above 600 K, the values of ex obtained using a ed of 390 or 471 K 
are e ssentially the same .  However, below 200 K, the results are strik-
ingly different . With ed equal to 471 K, ex demonstrates a maximum near 
100 K which cannot be explained theoretically; that is ,  near 100 K, e X 
is  equal to e , which is monotonically approaching zero . On the other vm 
hand, a ed of 390 K yields a ex which goes rapidly to zero between 300 
and 200 K .  Theoretically, e should become zero only at zero kelvin . X 
Hence, the behavior of ex below 300 K is not acceptable with ed' s  of 
471 or 390 K. 
Simerska1 2 2  measured the Debye temperature of nickel between 300 
and 900 K using an x-ray diffraction technique . His results indicate 
that ed decreases slowly with increasing temperature from a value of 
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Figure 33 . Temperature Dependence of Cx of Nickel Calculated with a r of 7 . 028 X 10- 3 joules/gram­
atom K2 and a rn£ of 2 . 624 x 10
-6 gram-atom/joule . ( a )  ed equals 471 K, ( b )  ed equals 390 K .  
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410 K at 300 K to a value of about 360 K at 900 K.  Consequently, if  one 
as sumes that the temperature dependence of ed of nickel below 300 K is 
similar to that of silver shown in Figure l ( c ) , page 17, then ed of nickel 
between 100 and 300 K should lie between 390 and 410 K from Simerska ' s  
measurements and the calculations of Hofmann, Paskin, Tauer, and Weis s . 6 2 
The Cx : T  relationship obtained using 9d ' s  of 410 and 400 K is shown 
in Figure 34( a )  and 34( b) , respectively. A small maximum appears in both 
these plots at 100 K; however, the maximum obtained using a ed of 400 K 
is  not as pronounced . Note also that C at 200 K is not zero for either X 
case . It is the author ' s  opinion that a ed of 400 K is the "best" value 
for nickel bas ed on this method of analysis . 
9u_ of Nickel . The values of C of Figures 33 and 34 were calculated X 
using the Nernst-Lindemann approximation [Equation ( 20 ) ,  page 9 ]  for the 
dilation contribution Cd . This approximation was employed because measure­
ments of the thermal expansion and compressibility of nickel requisite to 
a precise calculation of Cd by Equation ( 14 ) ,  page 8, have not been made 
at high temperatures .  However, since the Nernst-Lindemann approximation 
is empirical, the values of Cd obtained using it were compared to the more 
theoretically sound Grlineisen approximation [Equation ( 18 ) ,  page 9 ] , which 
only requires values of the thermal expansion coefficient at as a function 
of temperature . 
Values of at of nickel were calculated by two methods . For tempera­
tures between 300 and 760 K, the differential thermal expansion data of 
Nix and MacNair, 9 which were normalized to the length of the specimen at 
room temperature, were fitted by the method of least-squares to a second 
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Figure 34 . Plot o� the Temperature Depen�ence o� C� o� Nickel Calculated with a y o� 7 . 028 X 10- 3  
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order polynomial in temperature in intervals of about 50 degrees .  Thus , 
at was the first temperature derivative of the fUnctions obtained from 
these fits . For temperatures below 300 K and above 760 K, Grlineisen 1 s 2 
theory for thermal expansion was used to obtain at . After substitution 
of the appropriate constants given by Nix and MacNair9 for nickel, 
Grlineisen ' s 2 expression for at at a temperature T is 
' (107 ) 
where 
(108 ) 
In Equations (107 ) and (108 ) ,  the Debye theory with a ed of 410 K was 
used by Nix and MacNair to evaluate C h ' . v 
In Figure 35, values of Cd calculated using Grlineisen ' s  approxi-
mation are shown as a solid line (y = 1 . 88 ) 1 1 8 and those of the Nernst­g 
Lindemann approximation are shown as points (ynt 
= 2 . 624 x 10- 6 gram-
atom/joule ) . 1 1 8 Below 600 K, the two approximations are in agreement to 
better than 4%, except near 450 K where an 8% deviation occurs because 
of the erratic behavior of the expansion data of Nix and MacNair near this 
temperature . Between 600 K and the Curie temperature of 633 K, the 
Grlineisen Cd diverges from the Nernst-Lindemann value and is 18 . 3% lower 
just below T • This difference was attributed to inaccuracies of the c 
expansion data of Nix and MacNair in this temperature region . For 
example, the value of at calculated at Tc was 17 . 7  X 10- 6 � 1 ,  whereas 
Kirby ' s 1 2 3  compilation predicts a value of 19 . 5  X 1CI 6 � 1  near T • c 
This 10% higher value of at would reflect an equivalent increase in Cd 
when used in the Grlineisen approximation for Cd . 
�oor-------------,--------------.------------�------------�r---- -------r-------------,-------------or------------� 
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Figure 35 . Calculated Values o� the Dilation Contribution Cd o� Nickel as a Function o� Tempera­
ture . Grlineis en ' s approximation for Cd is shown as a solid line �or a rg of 1 . 88 .  The Nernst­
Lindemann approximation is shown as points for a rn£ o� 2 . 624 X 10
- 6 gram-atom/joule . 
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Above the Curie temperature, the agreement between the two approxi-
mations is excellent . However, there is a consistent difference of 
about 3 . 8% for temperatures at which Grlineisen ' s  theory was used to 
determine at ( above 760 K) . This discrepancy could be attributed to the 
inadequacy of this theory. 
The overall good agreement between these two methods for calculating 
Cd is construed as a validification of the Nernst-Lindemann empirical 
approximation for nickel . 
C of Nickel . From Equation (105 ) ,  page 126, Equation (106 ) ,  -vm 
page 127, and the five postulates listed at the beginning of this section, 
the following expres sion for ex can be obtained 
C = C + C + AT3 = C + BT + AT3 • x � va � (109 ) 
Thus, in order to evaluate C , values of the constants A and B must be � 
determined .  Suppose, as has been done by most other investigators , that 
the anharmonic contribution C is  negligible ;  that is ,  B is  very small . va 
Also, as sume that at 1500 K, C is negligible . (This  is  a reasonable � 
assumption since 1500 K is about 900 degrees above the Curie temperature .  
The various theories  also predict this to be the case . )  Then the value 
of A can be found from the known value of C [Figure 34( b ) ,  page 132] at X 
1500 K and is -9 . 3 x 10- 10 joules/gram-atom K4 • Using this value of A, 
Cvm can be calculated as a function of temperature and is depicted in 
Figure 36 . The resulting values of C are negative between 715 and vm 
1500 K with a minumum value of -0 . 96 joules/gram-atom degree at 990 K. 
Since a negative value of C is totally unrealistic , the as sumption vm 
that C is  negligible must be incorrect and/or the calculated value of va 
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Figure 36 . Temperature Dependence of Cvm of Nickel Calculated 
Assuming that the Anharmonic Contribution Cva is Negligible . Note that 
this as sumption yields negative values of Cvm between 715 and 1500 K .  
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A must be erroneous . Cons ider the latter case . The free electron 
theory [Equation (44 ) ,  page 22 ] yields a value of -1 . 696 x 10- 9 j oules / 
gram-atom K4 for A, which i s  about a factor of two higher than the cal-
culat ed value . Us e of this value would give a negat ive C near 1000 K vm 
but a positive val·ue at 1500 K, which is also unrealist ic . Any lower 
value than the one calculated above would yi eld a C which is negat ive vm 
from 1500 K t o  t emperatures below 715 K .  Consequently, the as sumpt ion 
that C is neglibible must be incorrect . Hence,  A and B are nonzero . 
va 
In order to calculate A and B of Equation (109 ) ,  C was as sumed vm 
negligible above 1400 K; and eleven C values between 1400 and 1500 K X 
, were fit to the funct ion AT3 + BT by the method of least square s .  This 
yielded a value of A of -1 . 48 ( ±0 . 06 )  x 10- 1 0  j oule s/gram-atom K4 and a 
value of B of -1 . 76 ( ±0 . 01 )  X 10- 3 j oule s /gram-atom K2 • 
How reasonable are the se re sult s ?  First,  note that A i s  negat ive 
and one order of magnitude smaller than that predicted by the free 
electron model .  Thi s value of A produce s  only a 5% change in C at ve 
1500 K from that predicted by the low-temperature approximation of yT . 
However, the negative s ign for A i s  in agreement with the theory of 
Shimi zu, Takahashi, and Kat suki , 2 8 wh ich was di scus sed in Chapter I .  
The theory of Keller and Wallace 2 2  [Equat ion (40 ) , page 21 ] yields 
a value of B for nickel of -4 . 42 x 10- 3 j oule s /gram-atom K2 for a e
d 
of 
400 K .  Although the computed value o f  B i s  60% le s s  than thi s ,  such 
agreement i s  felt to be excellent , con s idering the as sumptions and 
calculations made to arrive at this value of B .  
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In Figure 37, the temperature dependence of C as well as the other vm 
contributions to the total specific heat capacity of nickel are shown . 
These were obtained using the parameters described above and the ex values 
of Figure 34 (b ) , page 132 . Figure 38 is an expanded plot of the contri-
butions showing only eve' cd, Cvm' and eva · Note that C is negligibly vm 
small above 1030 K, which is in agreement with the as sumption used to 
calculate the constants A and B .  Further discus sion of  these results is 
deferred until after the following section . 
Calculation of C of Iron ----------------vm�-------
In the following calculation of C of iron, the compilation of vm 
Hultgren, Orr, Anderson, and Kelley8 2  was used for C values below room p 
temperature .  Above this temperature but in the a-stable region, the 
results of this investigation shown in Figure 19, page 103, were employed . 
Because of the excellent agreement between the C results of Dench and p 
Kubaschewski1 1 4 and those of this investigation on y-iron [Figure 32, 
page 125 ] , the values they calculated for the C of a-iron in the y­p 
stable region were utilized . 
As for nickel, the value of y employed, 4 . 741 X 10- 3 j oules/gram-
atom K2 , was that calculated by Dixon, Hoare, Holden, and Moody3 3  from 
4 - 6 their Cp measurements from 1 to 4 K .  The value of yn�' 2 . 3  9 X 10 gram-
atom/joule, was selected from the compilation of Gschneidner . 1 1 8 
C df Iron� In Figure 39, C of iron is evaluated using the values -x x 
of y and yn� described above and a ed of 440 K.  This Debye temperature 
is  in close agreement with that of Hofmann, Paskin, Tauer, and Weiss 6 2 
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Figure 37 .  Contributions to the Specific Heat Capacity of Nickel as 
a Function of Temperature . ( ed = 400 K, y = 7 . 028 x 10- 3 joules/gram­
atom K2, y £ = 2 . 624 X 10-6 gram-atom/joule, A =  -1 .48 X 10- 10 joules/gram­
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Figure 38 .  Expanded Plot of Figure 37 Showing the Contributions to 
the Specific Heat Capacity of Nickel as a Function of Temperature . Only 
eve' cd, Cvm, and eva are shown. 
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Figure 39 . Temperature Dependence of Cx of Iron Calculated with a 
y of 4 .741 X 10- 3 joules/gram-atom K2 , and yn£ of 2 . 349 X 10-
6 gram-atom/ 
joule, and a ed of 440 K. 
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50 and 100 K.  It is  below the ed of Dixon, Hoare , Holden, and Moody3 3  
who obtained 473 K from their C measurements between 1 and 4 K and is p 
also below the value of 478 . 1  K obtained by Alers 1 1 9 from low-temperature 
elastic constant measurements .  
Comparing Figures 39 and 34 (b ) ,  page 132, it is  seen that C of iron X 
is  a factor of three larger than that of nickel at their Curie temperature 
and that C of iron is positive at all temperatures . The large positive X 
value ( 2 . 6  jouJ es/gram-atom degree ) of C of iron at 1670 K results in X 
the use of a different approach in the evaluation of Cvm of iron . 
C of Iron . If the anharmonic C and magnetic C contributions -vm va vm 
to the C of iron are assumed to be negligible at 1670 K, the constant A p 
is equal to c /( 1670 ) 3 by Equation ( 109 ) ,  page 135 ; that is ,  X 
4 . 42 X 10-1 0 joules/gram-atom K4 • This value of A is an order of 
magnitude greater than the value of -3 . 88 X 10- 1 1  joules/gram-atom K4 
predicted by the free-electron theory and of opposite sign . However, a 
positive A is predicted by the theory of Shimizu, Takahashi, and Katsuki . 2 8  
The assumption that C is negligible at 1670 K is  not supported by • vm 
the theories discus sed in Chapter I, which predict values of C ranging vm 
from 1 to 2 j oules/gram-atom degree near this temperature . A nonzero C vm 
at this high temperature increases the complexity in the evaluation of A 
and B in Equation (109 ) and hence in the evaluation of C at all tempera­vm 
tures .  Also, a nonzero value for B follows from the results on nickel . 
Consider Figure 40 in which C of iron is plotted versu� X 
log1 o i T - T I for temperatures above the Curie temperature . The straight c 
line in this figure was obtained by fitting the twenty-one Cx values 
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between 1057 and 1123 K to the function a +  b log1 0 I T - 1043 . 2 1  by use 
of the method of least-squares .  In this temperature region, C is  vm 
approximately equal to C • Hence, by assuming that C is  linear in x vm 
log1 o i T - T I ,  approximate values of C were calculated between 1250 and c vm 
1625 K by extrapolation of this straight line . Subsequently, these values 
of C were subtracted from C and the difference ( C  - C ) was fit by vm x x vm 
the method of least-squares to the function BT + AT3 between 1250 and 
1625 K .  The values o f  A and B obtained from this fit were used t o  calcu-
late C at all temperatures .  vm 
Because of the approximations involved, an iteration of this pro-
cedure was performed . That is,  the C ( instead of C ) values between vm x 
1057 and 1123 K were fit to the function a +  b log1 0 I T - T I and the c 
resulting values of a and b were used to calculate C between 1250 and 
vm 
1625 K.  These C values were subtracted from C and new values of A 
vm x 
and B and then Cvm were calculated . 
Table VI lists the values of a, b, A and B obtained from each iter-
at ion . Little change in a and b is noted between the results of the two 
iterations,  but B decreased by a factor of two and A by a factor of six .  
A third iteration was performed but the standard deviation of A was larger 
than its magnitude and the value of 2 . 1  x 10- 1 0  was within one standard 
deviation of the third value . 
The positive sign for A is  in agreement with the theory of Shimizu, 
Takahashi, and Katsuki . 2 8  As for nickel, the overall contribution of the 
AT3 term .to eve is  small . Also, the results on iron and nickel suggest 
that the density of electron states increase with temperature for iron 
but decreases for nickel . 
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TABLE VI 
VALUE OF THE CONSTANTS a ,  b ,  A ,  AND B OBTAINED FROM THE 
'IWO ITERATIONS DURING CALCUlATION OF C OF IRON* vm 
Quantity Iteration 1 Iteration 2 
a 27 . 15 ( ±0 . 09 )  28 . 5  ( ±0 . 1 )  
b -9 . 45 ( ±0 . 07 )  -9 . 60 ( ±0 . 07 )  
A 1 . 23 ( ±0 . 05 )  X 10- 9 2 . 1  ( ±0 . 4 )  X 10- 1 0  
B -2 . 5  ( ±0 . 1 )  X 10- 3 -1 . 13 ( ±0 . 09 )  X 10- 3 
*Units of constants are consistent with specific heat capacity 
units of joules /gram-atom degree .  
From data in  the literature and a ed of  440 K ,  a value of 
-2 . 91 x 101 3 joules/gram-atom degree was calculated for B from the theory 
of Keller and Walla�e . 22  As for nickel, the experimental value of B is 
'60i less than the theoretical . This  suggests that the geometric constants 
calculated by Keller and Wallace may be too high by a factor of two or 
three . 
In Figure 41, the temperature dependence of C as well as the vm 
other contributions to the total specific heat capacity of iron are 
shown . These values were obtained using the parameters described above . 
Figure 42 is an expanded plot of the contributions . 
iron is not zero even at 1673 K.  






� 60.0 IU a: (!) IU ss.o 0 I ::a: 0 1- so.o a: I ::a: a: a: 1,15.0 (!) ' fl) IU ...J 1,10.0 ::::> 0 
I \ I \ I ""' --cP ' -/ :J 
)- 35.0 1-.... u a: 30.0 Q.. a: u 
1- 25.0 a: LiJ � 
u 20.0 .... 






/ 7 , v- 1/ \ cvh f I \ I / J\  I / 'L"' ----� eve / � --� cd l L..---: � ---------- :::::::: t-- cvm 
c� 
-s.oo 200 1,1(1() 600 BOO 1000 1200 11,100 1600 1 BOO 
TEHPEAATUAE lKELV I Nl 
Figure 41 . Contributions to the Specific Heat Capacity of Iron as 
a Function of Temperature . ( ed = 440 K, y = 4 . 741 X 10- 3 joules/gram­
atom K2 , y £ = 2 . 349 X 10- 6 gram-atom/joule, A =  2 . 1  X 10- 1 0 joules/gram­
atom K4, aRa B = -1 . 13 x 10- 3 joules/gram-atom K2 . )  
35.0 
30.0 




































I l 15.0 
10.0 
5.00 
0 IL � --U1 
-s.oo 0 200 
J 
I \ 
v . J I� � 
� t:=:: v !-----
600 800 1000 1200 









Figure 42 . Expanded Plot of Figure 41 Showing the Contributions to 
the Specific Heat Capacity of Iron as a FUnction of Temperature . 
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Discussion of the C Values of Nickel and Iron 
The calculated values of C of iron and nickel are presented in vm 
Figure 43 and listed in Tables XXIV and XXV in the Appendix. The data 
shown below 300 K were obtained by drawing a smooth curve through the C vm 
results presented in Figure 37, page 139, and Figure 42 . This procedure 
was employed to remove the oscillations caused by the inadequacy of the 
Debye theory to represent Cvh in thi s  temperature region . 
For sake of comparison, the results of Braun1 1 0 and Krauss and 
Warncke6 4 for nickel and those of Braun11 0 for iron are also presented 
in Figure 43 . (Results of other investigations discussed in Chapter I 
were not included because they were not presented in tabular form, and 
the inaccuracies introduced in taking values from the plots given in the�e 
works negate the usefulness  of such a procedure . ) In general, the Cvm 
results of this investigation are higher than those of the other investi-
gation s .  Below 500 K, the higher values are caused by a number of factors 
which include the use of a Debye temperature for nickel and iron which was 
about ten degrees above that of other investigations and also the selec-
tion of lower values of y .  In addition, the present analysis includes a 
negative anharmonic contribution which would tend to raise the C results vm 
at all temperatures .  At higher temperatures, the Cp data used in the 
other investigations were in general lower . This i s  particularly true of 
Braun ' s iron C data which is  2� lower at 750 K and 5� lower at tempera­p 
tures above 1100 K. 
The question is  now raised, "Can these differences in the reported 







i ' Vl � e.oo 
>­..... 
� &: 
u � 't.OO 
� 
u 





I \ / . \ e . . 
� 
TEI1PEPSITURE ( KELVIN ) 
C!l IIAIJN (lloj · 




i§ ..... a: 
so.o 
�.o 




. u . ..... . a: � 
:: 





J \ • C!l _IIAUN (110) 
v • \ .. � v .. .. r----� e • • � --- .. r--. � 600 10 I() 12(1() .. oo 1600 1800 20JO 
TE11PEARTUAE ( �ELVIN l 
Figure 43 . Comparison of the Calculated Values of Cvm of Nickel and Iron with Those of other 
Investigations . ( a ) Nickel; ( b ) iron . Numbers in parentheses are reference numbers . Note the discon­
tinuties of 11 . 13 and 6 . 66 j oules/gram-atom degree in the Cvm of nickel and iron , respectively . 
� \0 
150 
of C , or are some of the analyses incorrect ? "  This is a very difficult vm . 
question to answer because the theories in themselves are approximate at 
best . However, for pedagogic reasons , consider the following . 
Assume that the C values are in error by ±1%, the values of y are p 
in error by ± 5%, the Debye temperatures are off by ±10 degrees, and the 
values of Ynt' A, and B are in error by ±lQ%. Errors due to temperature 
measurements and due to inaccuracies of the theories per se are not con-
sidered . (Part of the errors in the constants may be considered due to 
errors in the theories . ) The resulting errors in C of iron at 400 K, vm 
1030 K, and 1200 K are given in Table VII .  Near the Curie temperature 
the error in the calculation of C is smaller than at lower or higher vm 
temperatures where the absolute value of C is smaller . The errors vm 
reported in the last line of Table VII are the maximum possible error for 
the assumptions made . Obviously, some of the errors will compensate each 
other, resulting in a lower overall error . Hence, selection of an error 
of ±15� in the calculation of C is  conservative for the assumptions vm 
made� Thus, to within the errors of calculation, the sets  of data pre-
sented in Figure 43 must be considered essentially in agreement . 
The Curie Transformation - A Critical Phenomenon . As discussed in 
Chapter I, the Curie transformation may be considered as a type of criti-
cal phenomenon . As such,  C would be linear in log j T - T I and have the vm c 
same slope but different intercept for temperatures above and below the 
Curie temperature T . To test this hypothesis , the C of nickel and c vm 
iron were plotted versus log10 I T - T I with the results as shown in c 
Figures 44 and 45 . Obviously, the expected relationship does not hold 
for values of I T - T  I les s  than ten .  c 
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TABLE VII 
ERRORS IN THE CALCULATED VALUES OF Cvm OF IRON INTRODUCED BY ERRORS 
IN CALCULATING THE VALUES OF THE OTHER CONTRIBUTIONS TO Cp 
-
Error Absolute Value of Error 
Contribution Assumed (joules/gram-atom degree ) 
(400 K )  (1030 K )  ( 1200 K )  
c ±l� ±0 . 28 ±0 . 66 ±0 . 41 p 
cd{ 7 n£ ±10� ±0 . (J7 ±1 . 07 ±0 . 48 c
P 
±1� ±0 . 01 ±0 . 21 ±0 . 10 
c {; ±5� ±0 . 10 ±0 . 24 ±0 . 28 ve A ±10� ±0 . 02 ±0 . 04 
\ I  
c ±10� :va ±O . (J7 ±0 . 12 ±0 . 13 
cvh ±10 degrees ±0 . 47 
Total error ±l . QO ±2 . 32 ±1 . 44  
Value of C 2 . 86 28 . 27 9 . 04 
vm 
. ( joules/gram-atom degree ) 
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For temperatures which differ from T by more than ten degrees , c 
there appears to be some adherence to the expected linear relationship . 
However, the slopes for data above and below Tc are not parallel . To 
investigate this further, the data for both iron and nickel were fit by 
the method of least-squares to the function a +  b log1 o i T - T j .  The c 
values obtained for a and b and the temperature intervals employed are 
given in Table VIII . The resulting functions are plotted in Figures 44 
and 45 , and the data appear to vary periodically rather than randomly 
about the curve, suggesting that the assumed functional form is incor-
rect . However, it must be remembered that the C data are the results 
vm 
of the subtraction of five temperature dependent functions from measured 
C data. Precise agreement should not be expected. Hence, the results p 
of Figures 44 and 45 , although not confirming the hypothesis , do not 
contradict it emphatically .  
��vm' and S¥m of Nickel and Iron 
A straightforward method of comparing C values between theories vm 
and/or experimental calculations is to use the c data to compute the vm 
total magnetic energy U and entropy S by the appropriate integration vm vm 
of the C : T  relationship . [See Equations (62 ) and (63 ) ,  page 36 . ]  vm 
These integrations were performed by the Simpson Rule, and the results 
are listed in Table IX. Since the value of the discontinuity �C of vm 
Cvm at the Curie temperature is  also related to the theories used to pre­
dict U and S , the �C values are listed in Table IX and are discussed vm vm vm 





RESULTS OF FITTING THE Cvm OF NICKEL AND IRON TO THE FUNCTION 
a + b log1 o I T - T I ABOVE AND BELCMT THE CURIE TEMPERA WRE T * c c 
Nickel (T = 633 K) Iron (T = 1043. 2 K) c c 
T < T T > T T < T T > T c c c c 
11 . 6  5 . 39 46 . 63 30 . 3  
( ±0 . 1 )  ( ±0 . 05 )  ( ±0 . 07 )  ( ±0 . 1 )  
-4 . 07  -2 . 26 -15 . 60 -10. 20 
( ±0 . 06 )  ( ±0 . 03 )  ( ±0 . 03 )  ( ±0 . 07 )  
Variance 0 . 033 0 . 009 0 . 024 0 . 060 
Temperature 358 K to 637 K to 318 K to 1053 K to 
interval 622 K 833 K 1028 K 1673 K 
Number of 57 49 147 48 
points 
*Units of constants are cons istent with specific heat capacity 
units of j oules /gram-atom degree . 
The U and S values from theory and other experimental calcula-
vm vm 
tions from the literature were listed in Table III , page 45 , for nickel 
and Table IV, page 47 , for iron , and the theoret ical values of DC were 
vm 
presented in Table I ,  page 35 .  Tables X and XI  contain the compar isons 
of the contents of these three tables with that of Table IX. 
The general impress ion given by the d ifferences listed in Tab les X 
and XI is that the agreement between the results of this experiment and 
those of the theories and other experiments of the literature could be at 
best termed "fair . " However, considering that all the experimental values 
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TABLE IX 
MAGNETIC ENERGY llvm.' ENTROPY Svm, AND DISCONTINUITY L:Cvm OF Cvm AT T OF NICKEL AND IRON FROM THIS INVESTIGATION c 
Quantity Units Iron Nickel 
u Joules/gram-atom 10600( ±1600 ) 1420 ( ±210 ) vm 
s Joules/gram-atom degree 13 . 3 ( ±2 . 0 )  3 . 20 ( ±0 . 48 ) vm 
llC Joules/gram-atom degree 11 .13 6 . 66 vm 
llC /nk* vm 1 . 22
t 1 . 34 :f: 
* 
The quantity n is the effective number of magnetic atoms per gram-
atom. 
t For iron atoms of spin one per atom, n equals ·1 . 1  magnetic atoms 
per atom . 
*For nickel atoms of spin one-half per atom, n equals 0 . 6  magnetic 
atoms per atom . 
have error bands of ±10 to ±20i and that the theories are only approxi-
mate, the quality of the agreement is good. For example, Table XI shows 
that the results for nickel agree to within the combined ±15i error bands 
of any two experimentally bas ed determinations . The agreement for iron 
is not as good; but , cons idering the difficulties introduced by the a-r 
trans formation and a 400 degree higher Curie temperature than nickel, the 
iron results are acceptable with the pos sible exception of the values of 
Lytton . 6 6  
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TABLE X 
COMPARISON OF THE RESULTS OF THIS INVESTIGATION FOR NICKEL AND 
IRON WITH THEORETICAL VAWES IN THE OPEN LITERAWRE 
Percent Differencet 
Theory Reference Nickel Iron Numbers* DC u s DC u vm vm vm vm vm 
Bethe-Peierls-Weis s 44 +179 -17 
Ising 44,53 +22 +56 -8 
Constant coupling 41 ,42 -4 +34 +44 -17 
Molecular field 35 +12 +64 
Heisenberg 62 +10 +8 -33 
*See page 214. 
tPercent difference = 100 (Theory - This Investigation ) / (This 
Investigation ) . 
TABLE XI 
COMPARISON OF RESULTS OF THIS INVESTIGATION FOR NICKEL AND IRON 
WITH LITERATURE VALUES CALCULATED FROM EXPERIMENTAL DATA 
Experiment 
Hofman , Paskin , Tauer , 
and Weiss 
Lytton 
Braun and Kohlhaas 
Pawel and Stansbury 
Grew 










u s u s vm vm vm vm 
+20 +6 -24 -32 






tPercent difference = 100 (Experiment - This Investigation) / (This 
Investigation ) .  
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None of the theories appear to be universally applicable to the 
results on nickel and iron . For example,  though the constant coupling 
approximation is in excellent agreement with the 6C results on nickel vm 
and the U results on iron, the 6C of iron and U values of nickel vm vm vm 
are too high to be attributed solely to calculation errors of the experi-
mental results .  Thus , these comparisons tend to question the validity 
of applying these localized electron models to metals such as nickel 
and iron which have highly itinerant electrons . However, the overall 
"best" model appears to be the Heisenberg approximation . 
Brief Summary of Results on Nickel and Iron 
Calculations of the magnetic contribution to the specific heat 
capacities of iron and nickel are plagued with uncertainties . Lacking 
thermal expansion and compressibility data to high temperatures, the 
Nernst-Lindemann approximation was used for the dilation correction . 
Also, a first approximation was used for the electronic contribution in 
the absence of the knowledge of the electron density of states as a 
function of temperature and energy. Similarly, the phonon spectrum is 
unknown for these metals as a function of temperature . Consequently, 
the phonon contribution was approximated by the Debye theory for the 
harmonic normal modes of oscillation and by a simplified theory for the 
anharmonic oscillations . Finally, the results of these calculations for 
the magnetic _ contribution were compared with models based on localized 
electrons . ( The more appropriate itinerant electron models do not exist 
at present . )  Nonetheless ,  the agreement with the Heisenberg approxima-
tion for U and S is satisfactory and with the constant coupling vm vm 
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approximation for 6C and U is fair . Also, although the various vm vm 
experimental calculations appearing in the literature were performed 
under different sets of assumptions , the agreement of these calculations 
with those herein is within the calculation errors . 
Table XII summarizes the parameters used to obtain the results on 
nickel and iron listed in Table XIII .  
TABLE XII 
SUMMARY OF PARAMETERS USED TO CALCULATE CONTRIBUTIONS 
TO C OF NICKEL AND IRON p 
Quanti- Refer- Contri-
ties Units ence* but ion Nickel Iron 
Yn£ Gram-atom/joule - • 118 cd 2 . 624 X 10
- 6 2 . 349 X 10- 6 
y Joules/gram- 33 c 7 . 028 X 1()'"" 3 4 . 741 X 10- 3 
atom ve 
ed Kelvin t cvh 400 440 
* See page 214. 
tObtained from consideration of shape of C curve between 100 K and 
200 K when e was varied about values which app�ared in the literature . d 
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TABLE XIII 
SUMMARY OF RESULTS ON NICKEL AND IRON 
Quanti- Contri-
ties Units but ion Nickel Iron 
B Joules/gram- c -1 . 76 ( ±0 . 01 )  X lCJ 3 -1 . 13 ( ±0 • 09 ) X 10- 3 
atom K2 v 
A Joules/gram- c -1 . 48( ±0 . 06 ) X 10- 1 0  2 . 1 ( ±0 . 4 )  X 10- 1 0  
atom K4 ve 
l!.C Joules/gram- 6 . 66 11 . 13 vm atom K 
t.cvm/nk 1 . 34 1 . 22 
u Joules/gram- 1420 ( ±210 )  10600 ( ±1600) vm atom 
s Joules/gram- 3 . 20 ( ±0 . 48 )  13 . 3 ( ±2 . 0 ) vm atom K 
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Specific Heat Capacity of Ni3Fe 
The specific heat capacity of Ni 3 Fe is a function of the prior heat 
treatment of the alloy as well as t emp eratur e .  In addit ion, the measur e-
ment s of this investigation revealed that the C of Ni3 Fe between 750 
p 
and 1050 K was dependent on the heating rat e . In this temperature range ,  
the heat ing rates employed varied from 20 t o  60 degrees/second and 
changed cons iderably during each puls e because the specimens were heated 
directly by pas s ing a current through them and becaus e large quant it ies 
of heat were absorbed during configurat ional and magnet ic disordering 
of the alloy occurring during heat ing . Thus , in order to eliminate 
verbiage ,  the pulses employed are des cribed as either Clas s I or Clas s I I .  
In e s s ence, these two clas s es differed by about a factor o f  two in 
heat ing rate at a given temperature because Class I puls es utilized 
specimen current s which were nominally 100 amperes whereas the Clas s II 
pulse s  were nominally 150 amperes . 
All C measurements on Ni3 Fe , other than thos e  at liquid helium 
p 
t emperatures , were performed in Puls e Calorimeter I, and all heat treat-
ments of the specimens were performed in situ. Hence ,  measured differ-
ences in the h igh temperature C values cannot be attributed to 
p 
experimental errors caused by spec imen dimens ion measurement s or thermo-
couple placement . Also, all heat treatments were performed below 900 K, 
which greatly reduc ed the pos s ibility of thermocouple contaminat ion 
noted during the C measurement s on nickel and iron above 1200 K. 
p 
Ten different heat treatments were performed on the Ni3Fe spec imen 
in Puls e Calorimeter I .  Thes e stat es o f  order have been cataloged as 
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shown in Table XIV and are referred where pos s ible to the electrical 
res istivity of the stat e at 748 K - the approximate temp erature at 
which the electrical resistivity differences were maximum and at which 
the p values were independent of heat ing rat e .  Of the ten states , four 
were ordered locally and the other s ix had varying degrees of long- range 
order . Not e that the order stat e  numbers as signed to the treatment s 
yielding some long-range order do not refer to the degree of order but 
rather to the chronological s equence of the treatment . The type puls e 
and the temperature interval encompas s ed during the C measurements are 
p 
als o listed in Table XIV for each treatment . The specific heat , the 
electrical resistivity, and the temp erature-rate-of- change of the elec-
trical resistivity of thes e  states as a function of t emperature are 
listed in Tables XXVII to XXXVII in the Appendix . 
In the remaining s ections of thi s  chapt er, the specific heat 
capacity measurements of Ni3 Fe outlined above are pres ented and then 
discus s ed with regard to the contributions to C . First , however , the 
p 
auxiliary electrical res ist ivity measurements on thi s  alloy are 
described . 
Auxiliary Electrical Res ist ivity Measur ements on Ni3Fe . Auxiliary 
measurement s of the electrical resistivity p of the Ni3Fe alloy as a 
funct ion of the state of order were performed in s everal apparatus es 
described in Chapt er I I .  These measurements were us ed a s  a monitor of 
the stat e of order of the specimen during C measurements and cons isted 
p 
ess entially of eight s eries of exp eriments . 
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TABLE XIV 
STATES OF ORDER AND DISORDER OF THE Ni3Fe SPECIMEN FOR 
WHICH C MEASUREMENTS WERE MADE IN PULSE CALORIMETER I 
p 
Heat Treatment 
Vacuum- Quench A* 
Vacuum- Quench B* 
Annealed at 848 K 
for one hour 
Annealed at 879 K 
for one hour 
Annealed b elow 770 K 
for four days · 
( Order- Stat e  I ) 
Annealed below 770 K 
for s ixteen days 
( Order-Stat e II ) 
Annealed below 770 K 
for eight days 
( Order-State III ) 
Annealed below 770 K 
for sevent een days 
( Order- State IV) 
Annealed below 770 K 
for three days 
( Order-State V) 
Annealed below 770 K 
for s ixty-three days 
( Order-State VI) 
Electr ical 
Res istivity T,ype 
at 748 K Order 
(Ohm- em) x 10-6 
65 . 03 Local 
64 . 74 Local 
t Local 
t Local 
59 . 42 Long 
53 . 53 Long 
56 . 13 Long 
52 . 28 Long 
60 . 82 Long 













*Quenching rate at 773 K was 0 . 7  degree/s econd . 















The first series involved taking p data as the alloy was cooled 
slowly from 1362 to 767 K .  This cooling was performed in steps , and 
sufficient time was allowed at each intervening temperature to ensure 
that the state of order was the equilibrium state .  For example, cooling 
from 900 to 775 K progressed over a period of thirty days and from 775 
to 767 K over a period of four days . During this sequence of experiments ,  
no perceptible change ( 0 . 1%) in the electrical resistivity occurred 
during the 24-hour period following a 4-hour soak at a given temperature . 
However, at 767 K, which is several degrees below the order-disorder 
equilibrium temperature, the first exception was caused by the formation 
of long-range order, which has a very long relaxation time . 
The second through the seventh series of experiments were performed 
on the alloy possessing varying degrees of long-range order and consisted 
of holding at temperatures of 767,  755 ,  735, 713, 645 , and 602 K until 
no perceptible change in p occurred over a 24-hour period . After each 
soak, the specimen was cooled rapidly to room temperature with short 
pauses at intervening temperatures to take p data.  Subsequently, the 
specimen was heated back to the temperature from which it was cooled 
and the resistivity checked to ensure that no changes had occurred 
during cooling . Then the specimen was cooled to the next lower tempera­
ture and the sequence repeated. The pertinent data of these heat treat­
ments are given in Table XV. It i s  noted that no significant change 
occurred after the anneal at 602 K, so that the data taken after the 
645 K anneal are presumed to be a very close  approximation to the 
equilibrium long-range ordered state at lower temperatures .  
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TABLE XY 
HEAT TREATMENTS GIVEN THE Ni3Fe SPECIMEN DURING FORMATION 
OF LONG-RANGE ORDER BELOW THE CRITICAL TEMPERATURE 
DURING AUXILIARY RESISTIVITY MEASUREMENTS 
Soak Electrical Resistivity Days at Temperature ( Ohm-em) X 10-6 Temperature ( Kelvin) 
At start At End Change 
767 47 67 . 00 57 . 66 9 . 34 ( 13 . 9%) 
755 28 55 .71  54 . 35 1. 36 ( 2 . 4%) 
735 19 51 . 27 49 . 98 1 . 29 ( 2 . 5%) 
713 25 46 . 88 45 .75 1 . 13 ( 2 . 4%) 
673* 28 40 . 79 40 . 21 0 . 58 ( 1 . 4%) 
645 12 36 . 83 36 .78 0 . 05 ( 0 . 13%) 
602 21 32 . 21 32 . 19 0 . 02 ( 0 . 06%) 
*No measurements of p made after this heat treatment because 
of experimental difficulties . There should be little difference 
between these and those taken after the 645 K soak . 
The eighth and last series of measurements were performed after the 
specimen had been quenched from 1400 K into ice water . These measure-
ments consisted of heating the sample, with intermittent stops for p 
data acquisition, until the resistivity was found to decrease as a 
function of time at temperature .  The temperature at which this change 
was encountered was 589 K. 
Results of the auxiliary measurements are shown in Figure 46 .  In 
Table XYI, they are correlated with the heat treatments given the C p 
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Figure 46 . Electrical Resistivity Measurements on the Ni3Fe Alloy 
as a Function of Its State of Order and Temperature . 
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TABLE XVI 
CORRELATION OF THE HEAT TREATMENTS GIVEN THE Cp SPECIMENS 
WITH THE AUXILIARY ELECTRICAL RESISTIVITY MEASUREMENTS 
AND AN ESTIMATE OF THE LONG-RANGE ORDER PARAMETER S 
FOR EACH STATE 
Heat Treatment Estimated Equilibrium Estilnate of 
of C Specimen Temperature of State* Long-Range Order p ( Kelvin) Parameter S 
Order-State VI 714 . 0  0 . 96 
Order-State IV 743 . 0  0 . 92 
Order-State II 757 . 5  0 . 88 
Order-State III 772 . 5  0 . 78 
Order-State I 773 . 0  0 . 66 
Order-State V 773 . 2  0 . 60 
Vacuum-Quench B 783 0 . 0  
Vacuum-Quench A 800 0 . 0  
848 K anneal 848 0 . 0  
879 K anneal 879 0 . 0  
*Temperature of intersection of electrical resistivity of 
state with the equilibrium electrical resistivity curve . 
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specimen in Table XIV, page 163 . Table XVI also contains an estimate 
of the long-range order parameter S for each state of order used in the 
C experiments based on the assumption that the water-quenched alloy p 
had no long-range order and that the 602 K anneal produced perfect long-
range order . This was accomplished assuming that � P  was proportional 
to ( 1 - s2 ) ,  as suggested by Beal' s90 theory given in Equation (74)  on 
page 56 .  
In closing this section, it is  noted that thermoelectric power 
measurements were also performed during the course of the auxiliary 
electrical resistivity measurements .  However, no use of these data is 
made in this work, but the general effect of ordering is to raise the 
absolute thermoelectric power of Ni3Fe . These and the auxiliary p data 
are listed in Tables XXXVIII to XLIV in the Appendix. 
Low-Temperature Measurements of C of Ni3Fe . Measurements of the --------------------------------P' -------
C of Ni3Fe between 1. 2 and 4 . 4  K were performed by Mr .  J .  0 .  Scarbrough p 
of the Metals and Ceramics Division of the Oak Ridge National Laboratory 
for use herein and are listed in Table XXVI in the Appendix . These 
measurements were acquired in a low-temperature adiabatic calorimeter 
described briefly in Chapter II ·and in more detail in Reference 100 . 
In Figure 47 , the results .obtained on an ordered and disordered 
specimen are plotted in the normal manner for low-temperature C data, p 
namely C /T versus T2 • The disordered specimen was produced b� p 
quenching the specimen into ice water from 1400 K, and the ordered 
state by annealing for one week at 753 ,  733, 723 , and 683 K in succes-
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Figure 47 . Low-Temperature Cp of' Ordered and Disordered Ni3Fe Plotted as Cp/T Versus T2 • Dis­
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order corresponded to an equilibrium temperature of 745 K and a long-
range order parameter of 0 . 91 .  Annealing the alloy in this manner 
lowered the Cp by about 21� near 1 . 2 K and 20� near 4 . 2  K .  Theoretical 
justifications for these changes are given after the discussion of the 
high-temperature C results . p 
C Measurements of Ni3Fe below 750 K. Below 750 K, the C measure-� p 
ments obtained were independent of the 5 to 20 degrees/second heating 
rates employed. This does not imply that the C of Ni3Fe below 750 K . p 
is independent of all experimental heating rate .  For instance, the 
results of Leech and Sykes7 1 presented in Figure 7 (page 50 ) indicate 
anomalies at 650 K which were not noted in this investigation and are 
due to their much slower heating rate of 0 . 03 degree/second . 
. In Figure 48 , the Cp : T  relationships for Order-States I, II, and 
VI and for Vacuum-Quench A are shown between 300 and 760 K. Order-
States III, IV, and V are not included because their C : T  relationships p 
were quite similar to Order-States II, VI, and I, respectively. In 
general, these results are analogous to those of Figure 47 in which the 
specific heat capacity was noted to decreas e with increasing configura-
tional order . However, the maximum percentage decrease is only 5 .7% at 
750 K, which is much less than the 20% difference noted at 4 . 2  K. None-
theless,  the theoretical justifications for these changes are the same 
and are considered later . 
c Measurements of Ni3Fe above 750 K. For temperatures between 
750 and 1050 K, the C : T  relationships for all states , whether of long­p 
range or of local order, were found to be a function of the experimental 
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Figure 48 . The Specific Heat Capacity as a Function of Temperature 
for Order-States I, II, and VI and for Vacuum-Quench A of the Ni3Fe 
Specimen in Temperature Range where Results were Independent of Heating 
Rate . 
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heating rate . This is understandable becaus e the configurational 
order-disorder critical temperature for this alloy is about 773 K. Also 
to be cons idered is the pres ence of the magnetic disordering phenomenon, 
which has a Curie temperature of about 871 K for a disordered or 
locally ordered configurational structure .  
Between 750 K and the critical temperature of 773 K, the effects 
of the heating rate are quite subtle and were les s  than 0 . 5%, which was 
barely discernible . As the temperature was increas ed above 773 K, the 
heating rate effects became more pronounced, as demonstrated by the 
following four examples . 
The C : T  relationships obtained for the four locally ordered states p . 
of the Ni3Fe specimen listed in Table XIV, page 163, are given in 
Figure 49 . All but the Vacuum- Quench B results were obtained with a 
Clas s I heating rate, and all but the 879 K anneal state were pulsed 
from below the Curie temperature of about 871 K. The C : T  relationships p 
for those states pulsed from below 871 K demonstrate two peaks . The 
lower temperature but higher peak is as sociated with the Curie transfer-
mation; the higher temperature peak between 900 and 950 K is associated 
with the destruction of local configurational order . The latter asser-
tion is based on noting that the peak for the 879 K anneal is lower than 
that of the second peak of the 848 K anneal, which had a larger amount 
of local order . Also note that the second peak of the Vacuum-Quench B 
data occurs at a temperature 40 degrees above that of the Vacuum-
Quench A data, which were taken with a slower heating rat e .  Hence, the 
higher rate forced the energy absorption to occur at a higher temperature . 
w w a: L:) w Cl 
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The Spec ific Heat Capacity as  a Funct ion of  Temperature 
Ordered States of Ni3Fe Showing the Effects of Heating 
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This is precisely the effect to be expected from a rate process such as 
atomic disordering . On the other hand, the heating rate did not affect 
the temperature at which the Curie transformation occurred becaus e the 
kinetics of this process are extremely rapid . 96 Differences in the peak 
heights at T are due to the heating rate effects on the destruction of c 
local order, . not on the Curie transformation . This can be s een by com-
paring the differences in the peak heights of the 848 K anneal state 
and those of Vacuum-Anneal A state, both of which were obtained with a 
Class I heating rat e .  
Figure 50  pres ents a slightly different picture than Figure 49 
becaus e both states possess long-range configurational order . Order-
State I had an estimated S of 0 . 66 ,  and the data on this state were 
obtained with a Class I heating rate .  The S for Order- State V was 0 . 60, 
and these C data resulted from a Clas s II heating rat e .  Note that the p 
Curie temp erature for Order-State I was about 890 K, which is 19 degrees 
above that of the locally ordered or equilibrium stat e .  Order- State V 
had a Curie temperature of 905 K, some 34 degrees above the equilibrium 
stat e .  These differences in T are a ramification of the interactions c 
between the two cooperative phenomena - long-range magnetic order of 
the electrons and long-range configurational order of the atoms of the 
alloy. Also, the differences in T are only indirectly dependent on the c 
heating rate; that is,  the heating rate is not forcing the Curie trans-
formation to higher temperatures . What happened was the faster heating 
rate used with Order-State V was capable of preserving the metastable 
ordered state to higher temperatures , and the higher the state of order, 
the higher the Curie temperature . 
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Figure 50 . The Specific Heat Capacity and Electrical Res istivity of Ni3 Fe as a Function of Temper­
ature for States Having Long-Range Order Parameters of 0 . 66 ( Order-State I )  and 0 . 60 ( Order-State V) , 
Showing the Effects of Heat ing Rate . ( a ) Specific heat, (b ) electrical res istivity plus Equilibrium­
State curve . 
tJ Vt 
176 
To demonstra�e this point, cons ider the electrical res istivity p 
curves shown in Figure 50 ( b ) . Initially, the p of Order- State I was 
lower than that of Order-State V since the Order-State I was more 
highly ordered .  However, at about 860 K the p of  Order-State v 
cross es over and becomes lower than Order-State I, indicating that 
above 860 K the S of the latter state is lower . Thus , during heating 
below T , the configurational order of Order-State I was being 
c 
destroyed, which accounts for the extremely large peak near T for 
c 
this state and the absence of a second peak at higher temperatures . 
On the other hand, the question is raised, "Was order being destroyed 
during heating of Order-State V?" "Probably so, " is the answer . 
However, note that instead of having the usual magnetic tail in the 
C : T  relationship above T , a very extended peak occurs for Order-
p c 
State v .  This anomaly is due to the very rapid destruction of the 
long-range order above 900 K. 
Note the shape of the C : T  relationship of States I and V at T . . p c 
Immediately below T the curvature is negative instead of positive and 
. c 
above T the curvature is positive instead of negative, when compared c 
with similar regions of the C : T  curves for iron, nickel, and the dis-
. p 
ordered structures of Ni3 Fe .  In order to explain these discrepancies 
it is hypothesized that the state of order is not uniform throughout 
the specimen. Consequently, the specimen had not one but a large 
number of Curie temperatures , each dependent on the state of order in 
a given region of the specimen . Precisely the same condition would be 
expected for a two-phase material undergoing a Curie transformation in 
177 
coincidence with a transformation back to one of its two phas es . For 
example, a 5� nickel-95� iron alloy near 1040 K would yield this type 
C : T  relationship ( see Figure 5 ,  page 41) . p 
The third example concerns Figure 51 in which the C : T  relation­p 
ship is demonstrated for the more highly ordered states of Order-
States II and III ( s  = 0 . 88 and S = 0 . 78,  respectively) . Again the 
Curie temperatures are raised .  A T of 919 K was found for Order­c 
State II and 920 K was found for Order-State III . The close proximity 
of these T ' s  is adequately explained by the superposition of the two c 
p curves at T [ Figure 5l(b) ] .  This indicates that the "average" state c 
of order was the same for both at T . The differences in the maxima in c 
C at T are due to the differences in the heating rates , which allowed p c 
more configurational energy to be absorbed during the slower heating . 
The second peaks in the C : T  relationship are prevalent for both p 
states in Figure 5 1, and their maxima coincide in temperature with the 
temperature at which dp/dT are a minima. This , plus the shape of the 
p : T curve, is asserted to be the proof that the first peak is associated 
with the Curie phenomenon and the second peak is associated with config-
urational disordering . Also, note that the second peak for the faster 
heating rate occurred at a higher temperature, which is further evidence 
that an atomic-diffus ion-controlled rate-process is occurring . 
In comparing the results of the last two figures for the data 
taken with Class II heating rates ,  one finds that the second peak 
occurred at about 930 K for Order-State V ( s  = 0 . 6 ) and at about 980 K 
for Order-State III ( s  = 0 . 78 ) . Hence the higher the order, the higher 
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the temperature of the maximum rate of destruction of order . This is 
as though the higher order state is impeding its own destruction . The 
last example is further proof of this obs ervat ion and is that of 
Figure 52 . This figure depicts the C : T  and p : T  curves for Order- State VI p 
( s  = 0 . 92 )  in which the second peak occurred at 1005 K. 
Figure 52 also demonstrates some of the points mentioned previously; 
for example, the shape of the C : T  curve near T . Also note the striking p c 
similarity between the p : T relationships for Order- State VI and the 
Equilibrium- State curve, particularly in regard to the inflection at T . 
c 
In recapitulation, it was observed that increas ing the state of 
order of Ni3Fe decreases its C below 750 K. Above 750 K, the C : T  p p 
relationship measured was a function of the heating rate and the state 
of order . An increas e in the state of order rais ed the Curie tempera-
ture of the metastable ordered states of Ni3Fe . Also, the disordering 
temperature was higher for the higher beating rates and higher amounts 
of order . Unfortunately, the beating rates available were not suffi-
cient to completely preserve the ordered state until the Curie trans-
formation was complete, thereby eliminating the pos sibility of acquiring 
the magnetic specific heat capacity for the ordered state . 
Interpretation of Low-Temperature C Measurement s on Ni3Fe p 
At liquid helium temperatures , the anharmonic and dilation contribu-
t ions to the specific heat capacity of a solid are negligible . Conse-
quently, the express ion for C is 
p 
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In this equation, the low-temperature approximations for Cvh and eve 
were used, and the spin-wave theory was employed for Cvm [ Equation ( 34) , 
page 15 ;  Equation ( 47 ) ,  page 25 ; and Equation ( 51) , page 28] . Assuming 
the spin-wave contribution to be negligible one finds from Equation ( 110 ) 
that C /T is linear in T2 , that is p 
C = �T3 + yT • ( 111) p 
Figure 47 , page 169 , depicts the low-temperature C measurements p 
on ordered and disordered Ni3Fe in which the data are plotted as C /T p 
versus T2 • The lines shown in this figure were obtained by fitting the 
data to Equation ( 111) by the method of least- squares , and the parameters 
for these fits are shown in Table XVII .  These results indicate that the 
temperature coefficient y of the electronic contribution C is reduced 
ve 
by 21% upon ordering and the temperature coefficient � of the harmonic 
contribution Cvh i s  decreased by 6 . 4%. Such changes are justifiable 
theoretically, since a lowering of y is reflected in a lowering of the 
density of states of the electrons near the Fermi energy because of the 
increas e in the periodicity of the lattice upon ordering . Also, s ince 
the lattice contracts upon ordering, the cut-off frequency or ed 
increases,  yielding a lower � .  
Note that the four lowest temperature points for the ordered and 
disordered alloy in Figure 47 are below the fitted line . Since this indi-
cates a periodic rather than random deviation from the �T3 + yT relation-
ship , Equation ( 110 ) was employed to fit the data . Use of the spin-wave 
term changed the � values substantially, but made only minor changes in 
the y values .  For example, y of the ordered state decreased only 3 . 5%, 
but � decreased 21% ( ed increased 7 .8%) . 
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TABLE XVII 
LEAST- SQUARES PARAMETERS FROM FITS OF LOW- T&Y,PERATURE 
Cp DATA ON ORDERED AND DISORDERED Ni3Fe 
Equation �illi'joules- \ of Fit 5/2) gram-atom K 
X 10-2  
111 
110 9 . 55 ( ±2 . 01)  
110 7 . 86 ( ±2 . 09 )  
110 9 .  66 ( ±2 . 11) 
111 
110 10 . 44(  ±1 . 81) 
110 7 . 44 ( ±1 . 82 )  
110 11 . 61( ±1 . 75 ) 
)' 
(Millijoules-) \_gram-atom K2 
Ordered* 
3 . 301( ±0 . 010)  
3 . 187 ( ±0 . 024 ) 
3 . 209 ( ±0 . 025 ) 
3 . 186 ( ±0 . 025 ) 
Disordered* 
4 . 17 8 ( ±0 . 009 ) 
4 . 053 ( ±0 . 022 ) 
4 . 088 ( ±0 . 022 ) 
4 . 041( ±0 . 021) 
/ lJOU es-'Mill " � l ) 
\
\gram-atom K4 
X 10- 2  
2 . 286( ±0 . 084) 
1 .  80 ( ±0 . 11) 
1 . 87 ( ±0 . 11)  
1. 79 ( ±0 . 11) 
2 . 432 ( ±0 . 083 ) 
1 .  888 ( ±0 . 097 ) 
2 . 008 ( ±0 . 094 ) 
1 .  810( ±0 . 095 ) 
ed 
( Kelvin) 
439 . 7 ( ±8 . 4)  
476 . 6 ( ±9 . 4 )  
470 . 2 ( ±8 . 9 )  
477 . 2 ( ±9 . 4 )  
430 . 8 ( ±4 . 9 ) 
468 . 8 ( ±7 . 8 ) 
459 . 3 ( ±7 . 0 )  
475 . 4( ±8 . 0 )  
*Terms in parentheses are standard deviations of parameters . 
t1owest temperature data point left out of fit. 













The question now arises, "Which fit is the more exact ?" To answer 
this question, the difference between the data and the fitted functions 
was plotted versus temperature for both the ordered and disordered cases,  
as shown in Figures 53 and 54 . Although the variations are small, there 
is a definite periodicity for both functions on both alloy states . Ho�­
ever, the differences are smaller for the fit which includes the spin­
wave aT3 /2 term. 
One further investigation was conducted on the three term fit which 
consisted of systematically leaving out of the fit points from the low­
or high-temperature end of the data . After the four low-temperature 
points were dropped from the fit , the value of a became negative and the 
standard deviation of a was twice its absolute value . However, leaving 
out an equal number of points on the high-temperature end was less influ-
ential . The parameters after leaving out the lowest and highest tempera­
ture points are included in Table XVII to illustrate this effect . 
Obviously, therefore, neither the two nor three term equation is 
the precise representation of these data, but the three term is better 
if sufficient data near 1 K are included in the fit . 
Dixon, Hoare, and Holden34 investigated the specific heat capacity 
of disordered nickel-rich nickel- iron alloys between 1 . 2  and 4 .4 K .  By 
linearly interpolating their results between a 81 . 1% nickel and a 68 . 7% 
nickel alloy, their Debye temperature for Ni3Fe was 475 . 7  K, which is 
within one standard deviation of the results shown in Table XVII for the 
three term fit . Similarly, their y value is 4 . 163 millijoules/gram-atom K2 , 
which is 2 . 7% higher . Some of this difference is due to the linear 
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interpolation .  Had a quadratic interpolation been used, the results 
would have been closer . Lastly, their value for a of 
9 . 32 X 10- 2  millij oules/gram-atom K5/2 differs by about one-half of a 
standard deviation from the value of this investigation . 
Bower , Claridge; and Tsong3 2  calculated the Debye temperature from 
elastic constant measurement s of the same alloys us ed by Dixon, Hoare, 
and Holden . 3 4 Then they fit C - �T  to the function 7T + ar312 , us ing 
p 
the � ' s calculated from their Debye temperature determinations . Their 
ed of 457 . 6  K is 1 . 5 standard deviations lower than that in Table XVII ,  
and their 7 value o f  4 . 206 millijoules/gram-atom K2 i s  within 3 . 8% .  How-
ever, the a value derived from this procedure was 5 . 53 x 10- 2 millijoules/ 
gram-atom K5/2 , which is strikingly different from the value of this 
investigation . Note,  however, that considerably better agreement in a 
and ed is obtained when the lowest temperature point was dropped from 
the fit . This may indicate that this value is erroneous or may be 
simply fortuitous . 
From these comparisons , the results of the three term fit appear 
most meaningfUl for the disordered state . Since no measurement s exist 
in the literature for the ordered state,  the three term fit must be 
assumed "best" for this state . 
Calculat ion of C of Disordered Ni3Fe 
----------------�¥.m�--------------�--
In order to calculate the C of the disordered state of Ni3Fe, the vm 
contributions to C due to the destruction of local order were subtracted 
p 
first . This was done by as suming that below T , the data of Vacuum­c 
Anneal B - acquired with a Class II heating rate - did not include a 
187 
contribution due to configurational disordering . From Figure 49, page 173, 
it is apparent that this as sumption is not valid above T . Therefore, it c 
was assumed that the lowest temperature data point above T for Vacuum­
c 
Anneal B and for the 879 K anneal were free of ordering effects as well 
as all of the latter data above 960 K. Thus , in the temperature interval 
between 879 and 960 K, no useful C values existed . However, if the C : T  p p 
relationship in the abs ence of disordering is assumed to demonstrate the 
magnetic tail observed in iron and nickel, extrapolation in this tempera-
ature interval is relatively free of errors because the C : T  curve is p 
almost parallel to the temperature axis . Us ing this assumption, a curve 
was drawn by hand between the data points at 8_71 and 879 K and those 
above 960 K and is the dotted line in Figure 49 . 
C of Disordered Ni3Fe . The C : T  curve shown in Figure 55 was -X X 
acquired using the C : T  relationship constructed as described in the p 
above section .  The shape of  this curve is  quite s imilar to  that shown 
in Figure 39, page 141, for the C of iron, implying that the above X 
as sumptions used to establish C of the disordered state were realistic . 
p 
Recall that three parameters are required to find ex - namely y , �'ni' 
The r value us ed is that determined from the low-temperature C 
p 
measurements on the quenched Ni 3Fe specimen and is 
4 . 053 X 10- 3 joules/gram-atom degree .  Since a s earch of the literature 
failed to find a value for the compres sibility of disordered Ni 3Fe, the 
�'nt 
value was calculated by assuming a linear relationship between that 
of nickel and iron. This should be a relatively good approximation 
because �'n.e of iron and nickel differ only by 10�, which is very close 
to the total uncertainties ' in these quantities . Lastly, ed was selected 
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on the basis or the rollowing suppositions . First,  it was noted that 
between 1 . 2 and 4 . 4  K the ed or 468 K round ror the disordered state or 
Ni3Fe at liquid helium temperatures was within 10 degrees or that or 
nick�l3 3  (471 K) and iron3 3  (473 K) . Secondly, the results or Dixon, 
Hoare, and Holden34 indicate that the ed or nickel-iron alloys is almost 
independent or composition ror alloys containing more than 65% nickel . 
Thirdly, it was assumed that the temperature dependence or ed or dis­
ordered Ni3Fe was approximately that or nickel . With these three 
observations and a Cx: T  versus ed analys is similar to that ror nickel, 
a ed or '410 K was selected ror use in the analysis ror cvm. 
C or Disordered Ni3Fe . As ror iron, C or Ni3Fe is positive at -vm x 
temperatures well above the Curie temperature . This cannot be construed 
as a ramirication or conrigurational disordering because these data were 
acquired with a Class I heating rate and are about 600 degrees above the 
equilibrium order-disorder temperature . Hence, the pos itive value or C X 
must be attributed to the sum or its contributions , C + BT + AT3 . 
vm 
The method or rinding B and A that was used ror iron cannot be 
employed ror two reasons . First , C ror temperatures rrom T to temper-x c 
atures 100 degrees above T is not ·even approximately equal to C . c vm 
Secondly, and most important , these data were those obtained from the 
extrapolation procedure necessary to eliminate the local ordering errects .  
Thererore, the extrapolation or the C versus log j T  - T I relationship X C 
used in the case or iron could not be employed . 
At this point two rurther assumptions were made . First , it was 
assumed that at 1423 K ( the highest C data point ) C was negligibly P vm 
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small. Then the theory of Keller and Wallace22 was us ed to calculate B .  
Bas ed on the results for nickel and iron, this value of B was reduced by 
60% and along with the C value at 1423 K was used to calculate A .  Such X 
a procedure yielded a B of -1 . 67 X 10- 3 joules/gram-atom K2 and an A of 
1 . 282 X 10-4  j oules/gram-atom K4 • This value of A is about a factor of 
five larger than that of iron and of oppos ite s ign to that of nickel . 
Such a large value for A increas es C at 1000 K by 32% over that of a ve 
s imple rT contribution .  
Figure 56 .  shows the final results of the analys is of  the contribu-
tions to the C of disordered Ni3Fe . In Figure 57 , all contributions p . 
except Cvh are shown on an expanded plot . Note that all results are for 
temperatures �bove 300 K, which is the lower temperature limit of the 
pres ent calorimeters . In order to calculate U and S , C values are vm vm vm 
needed between 0 and 300 K. Cons equently, these results were extrapolated 
by hand to lower . temperatures . The final results for C of the dis­
vm 
ordered alloy are shown in Figure 58 and are listed in Table XLV in the 
Appendix. 
be , U , and S of Disordered Ni3Fe --�vm�-----vJ.J�----------------� 
Table XVIII contains a summary of results on the disordered state 
of Ni3Fe and includes values calculated for � , � /nk, U , and S . vm vm vm vm 
Crangle and Hallam' s8 6 value of 1 . 1  Bohm-magnetons/atom for disordered 
Ni3Fe was used to calculate nk together with the assumption that the 
spin per atom for disordered Ni 3Fe is one . 
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2 . 56 X 10- 6 
4 . 053 X 10- 3 
410 
-1 . 67 X 10- 3 
1 .  282 X 10- 9 
3 . 85 
0 . 84 
3249 . 4  
.5 . 05 
*Here n is taken to be 0 . .5.5 magnetic atoms per atom with a spin of 
one per atom. 
Since the theoretical values of DC , U , and S are directly 
vm vm vm 
proportional to n ,  values of these quantities for disordered Ni3Fe of 
spin one were calculated from those of iron listed in Table IV, page 47 . 
These theoretical values are compared with the experimental results as 
shown in Table XIX. As in the cas e of iron and nickel, the agreement 
with theory is qualitatively good . In particularJ as for iron and nickel, 
the Heisenberg theory appears bestJ and the theoretical results are higher 
than the experimental. AlsoJ the values of 6C /nk are in poor agreement vm 
with theory . This may be caused by the masking effects of the destruction 
of local order . 
TABLE XIX 
COMPARISON OF THE EXPERIMENTAL RESULTS FOR DISORDERED 








Constant coupling 41, 42 
Molecular field 35 
Heisenberg 62 
*See page 214 . 
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3 . 40 
1 . 76 
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tPercent difference = 100 (Theory - This Investigation ) /(This Investigation) . 
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Calculation of C��vm' and Svm of Ordered Ni3Fe 
In the calculations of C of nickel, iron, and disordered Ni3Fe, 
vm 
the data above the Curie temperature were us ed extensively to find 
values for A and B in the express ion for C given by Equation ( 109 ) , 
vm 
page 135 . Unfortunately, the data on the ordered states of Ni3Fe in 
this temperature range include o.onfigurational disordering effects 
which .cannot be s eparated accurately enough to warrant this calculation .  
Thus , a suggested future experiment is to redesign the pulse calorimeter 
so that 200 to 300 ampere pulses might be employed, thereby allowing 
more rapid heating . Then it might be possible to retain the order to 
high enough temperatures so that the heat effects of the Curie transfer-
mation could be separated adequately from the disordering effects . 
Energy of Transformation U d of Ni3Fe 
By definition, the change in enthalpy dH of a clos ed system at 
constant pres sure is equal to the heat absorbed by the system oq. Also 
by definition, the heat absorbed at constant pressure oq is equal to the 
product C dT for an infinites imal change in temperature dT . ( Note that p 
C as used in the following discus sion is the C of the system under-p p 
going the temperature change and includes first-order transformation 
contributions . ) For any proces s ,  either reversible or irreversible, 
dH is equal to C dT. Hence ,  the change in enthalpy DH2 - 1 in going from p 
temperature T1 to T2 is 
( 112 ) 
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Let T1 be the equilibrium temperature for the order-disorder trans-
formation and T2 be a higher temperature .  Thus , from the C : T relation­p 
ship in Figure 56, page 191, .6H2- 1 of taking completely disordered Ni3Fe 
from T1 to T2 can be calculated at any temperature up to the maximum 
temperature of these data.  Similarly, from the C data in Figure 5 1, 
p 
page 178,  6H2 - 1 of taking Ni3Fe in Order-State II at T1 and transforming 
it to completely disordered Ni3Fe at T2 can be calculated when T2 is 
greater than the temperature at which all order has been destroyed 
( 1020 K for Order-State II) . 
Us ing the nomenclature that [ X] d and [ X] 0 are values of the property 
X of the disordered state and of Order-State II, respectively, the change 
in enthalpy tH at the equilibrium order-disorder temperature T of trans-e e 
forming Ni3Fe in Order-State II to completely disordered Ni3 Fe at T is 
e 
L::H = e 
or 
m. " I { [cPl - [cP l) dT ' 
e 
( 113 ) 
( 114 ) 
Note that [C  ] is the measured C : T  relationship for Order-State II p 0 p 
which is shown in Figure 5 1, page 178 . 
Equation ( 114) was employed to calculate tH for Order-States I to VI e 
and these values are listed in Table XX .  Often, the tH of transforming e 
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TABLE XX 
ORDER-DISORDER ENTHALPIES 6H FOR ORDER-STATES I TO VI e 
Order State Long-Range Order tHe Parameter ( Joules/gram-atom) 
VI 0 . 96 3268 
IV 0 . 92 3000 
II 0 . 88 2930 
III 0 . 78 2650 
IV 0 . 66 1679 
v 0 . 60 1286 
completely ordered Ni3Fe ( s  = 1 . 0) to completely disordered Ni3Fe 
( s  = 0 . 0) is quoted in the literature for both experimental and theoret-
Jcal determinations . For this reason, the tH values of the six ordered e 
states were plott ed versus the s quare of estimated long-range order 
parameter, and � for S equal to one was found to be 3680 ( ±140) j oules/ 
. e 
gram-atom by extrapolat ion .  This  plot is shown in Figure 59 . 
Iida7 6� 8 reported a � for the destruction of perfect order of e 
. 3716 joules/gram-atom, which is well within the experimental error of 
the value reported herein . Leech and Sykes ' 7 1  measurements yielded a 
value of 3350 joules/gram-atom for a sample which probably was not 
completely ordered . A s imilar qualification must be placed on Kaya ' s7 2 
value of 3034 j oules/gram-atom. However, these two experimental values 
are only 9 . 2  and 17 . 5% below the extrapolated value found herein and 
are within the experimental error of the value for Order-State VI, which 
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During the order-disorder transformation of Ni3Fe, the specimen 
undergoes a volume change of the order of 0 . 2% .  The energy as sociated 
with this change is very small . Consequently, the change in enthalpy 
at constant pressure is slightly smaller than the change in energy U • od 
Hence, the value of U0d is approximately 3680 joules/gram-atom. 
Entropy of Transformation S d of Ni3Fe 
By definition, the change in entropy dS of a closed system under-
going a reversible process at constant pressure  is equal to 5�/T, where 
5� is the reversible heat absorbed by the system from its surroundings .  
Denbigh12 5  points out that for a system undergoing an irreversible 
process ( such as the transformation of the ordered Ni3Fe states to dis-
ordered Ni3Fe during pulse heating measurements of C ) ,  the heat absorbed p 
will be less than that of the reversible path . Therefore, since the 
heat absorbed 5q is given by CpdT, 5� is greater than CpdT . 
In a manner analogous to the derivation of Equation ( 114 ) , page 197 , 
for tHe' the following inequality can be found for the entropy change 
S0d during an order to disorder transformation at Te 
T 
sod > I { (cpl � [cPJ) d£nT ' • ( 115 ) 
e 
Thus , integration of the data of the various ordered states would yield 
only a lower limit for the value of the entropy of disordering . 
For pedagogic reasons , these integrations were performed and a 
value of 3 . 43 joules/gram-atom degree was found for the lower limit of 
S0d when completely ordered Ni3Fe transforms to ordered Ni3Fe at Te . 
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If it is assumed that the difference in the Gibbs free energy tG is 
small between the completely ordered state and the e�uilibrium ordered 
state at T , the entropy change S d would be � /T . From the measured e o e e 
value of bH and an assumed T of 773 K, a value of e e 
4 . 76 joules/gram-atom degree was calculated for Sod' which is 28% 
greater than the above value . 
The value calculated from this line of reasoning forms a better 
lower bound for S0d because the change in the Gibbs free energy �od 
for the completely ordered to disordered transformation , though small, 
is less than zero . By definition, �od is 
which yields 
S d = 
( tH - � d) /T > 6H /T . o e o e e e ( 117 ) 
Due to the slow heating rate employed by Leech and Sykes , 7 1 the. 
order-disorder transformation occurred almost under e�uilibrium condi-
tions during their C measurements ( see Figure 7 ,  page 50) .  Therefore, p 
the value that they obtained from E�uation ( 115 ) should also form a 
good estimate for S0d . Their value is 4 . 78 joules/gram-atom degree, 
which is within 0 . 4% of the value obtained using E�uation ( 117 ) . 
CHAPTER IV 
SUMMARY AND RECOMMENDATIONS 
Summary of Chapter I 
The specific heat capacity at constant volume C of a solid was 
v 
assumed to be separable into five contributions resulting from changes 
in energy of the phonons and electrons of the solid . Since the specific 
heat capacity at constant pressure C was measured, it was first neces-p 
sary to compute Cv by subtraction of the dilation contribution Cd from 
Cp . Because the precise thermodynamic expres sion for Cd involved 
properties whose values were not known at high temperatures for the 
materials of interest - nickel, iron, and the alloy Ni3Fe - the approxi­
mations of Grlineisen2 and Nernst and Lindemann3 were presented and 
their validity discus sed. The other five contributions were for a 
s olid at constant volume . 
As is traditional, the phonon contribution was separated into two 
components .  The first and largest, designated Cvh' was that 
due to the 
harmonic oscillations of the normal modes of the atoms of a solid; that 
is,  that due to the square of the displacement in the expres sion for 
the potential energy of the oscillators . The other component C was va 
due to all higher order terms - cubic , quartic, . . .  - of the potential 
energy of the oscillators and is normally referred to as the 
anharmonic contribution. Debye ' s 1 4  theory for Cvh was outlined and the 
various qualifications reported in the literature were reviewed. It 
was noted that this contribution is dominant at room temperature and 
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above . Although the theoretical expressions for C agreed in magnitude, va 
there existed a discrepancy as to its sign . Keller and Wallace ' s 2 2  
theoretical approach yielded a negative sign, while that of Foreman2 1  
was positive . 
The contribution due to the energy changes of the electrons was 
assumed separable into a contribution C due to the change in their ve 
energy distribution and a contribution C due to changes in the magnetic vm 
coupling of the spins of the electrons . Stoner ' s2 5 free- electron expres-
sion for C was given and amended by the experimental and theoretical ve 
observations of Shimizu, Takahashi, and Katsuki . 28  Although the elec-
trons �of nickel, iron, and the alloy Ni3Fe are itinerant , the literature 
search revealed only localized electron models for C . These included vm 
the Bethe-Peierls and Ising models of Weiss , 44 the constant coupling 
model results given by Wagner, 4 1 and the molecular field theory approach 
as outlined by Morrish . 3 5 Results of these theories for the total 
energy U and entropy S of the transformation from complete magnetic vm vm 
order at zero kelvin to complete magnetic disorder at very high temper-
ature were outlined as a straightforward method of comparing theoretical 
and/or experimental calculations of C . Since the Curie transformations vm 
are second-order, the expressions of these theories were presented for 
the discontinuity tC in C at the Curie temperature T . vm vm c 
The fifth contribution to C , which was assumed negligible for iron 
v 
and nickel, was that due to rearrangement of atoms Cvw . However, a 
large C is observed during the order-disorder transformation in Ni3 Fe .  vw 
Since the order-disorder transformation does not occur under equilibrium 
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conditions during experimental measurements of C of Ni3Fe, the theo­
p 
retical expressions for Cvw were not reviewed. 
As for nickel and iron, 
theory and/or experiment are usually compared by calculating the total 
energy U0d and entropy S0d of the order-disorder transformation . 
The existing knowledge of the contribut ions to the specific heat 
capacity of nickel, iron, and Ni3Fe was reviewed . This included tabula-
tion of values of tc , U , and S for nickel and iron and values of 
vm vm vm 
U0d and S0d for Ni3Fe which had appeared in the literature . Use of the 
electrical resistivity as a monitor of the state of order of Ni3Fe was 
outlined. 
The pitfalls in adiabatic and pulse calorimetric measurement s of 
Cp near the Curie transformation of ferromagnets were discussed in 
general terms . Lastly, the goals of this  thesis were list ed . 
Summary of Chapt er II 
S ix apparatuses were used in this  investigation to measure the 
specific heat capacity, electrical resistivity, and thermoelectric power 
of the materials of interest . Only the salient features of five of 
these were listed, as they had been described previous� in the litera-
ture . However, s ince the principal int erest was the specific heat 
capacity measurements and since it had been developed during the course 
of this research, Pulse-Calorimeter II was described in detail .  This 
included a description of the equipment , of the circuitry, of the data 
acquisition procedure, of the data reduction and calculation techniques , 
and of the accuracies of the measurements . Primary attributes of this 
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method were the accurate and simultaneous measurement of the specific 
heat capacity ( ±1 . 05%) and electrical resistivity ( ±0 . 48%) at temperature 
intervals of 0 . 2  degree while the specimen was heated from 100 to 
600 degrees above its initial temperature at rates of 5 to 
60 degrees/second . 
All specimens utilized in this research were in the form of rods 
( 0 . 3-cm nominal diameter) and were prepared by melting, casting, and 
swaging of stock materials . Chemical analysis of the stock and the 
final heat-treated specimens revealed a minimum amount of contamination 
during fabrication . Final purities were : nickel 99 . 89%, iron 99 . 79%, 
and Ni3Fe alloy 99 . 87i. The alloy composition was 74 . 77 atomic percent 
nickel and 25 . 23 atomic percent iron . Photomicrographs of the specimens 
revealed a small amount of second phase ,  probably an oxide, which was 
most predominant in the iron specimen but present in the others also .  
Ratios of the resistance of the specimen at room temperature to  that at 
4 . 2  K confirmed the results of the chemical analyses . No voids were 
present in the specimens . 
Summary of Chapter III 
Nickel and Iron. Experimental measurements of the specific heat 
capacity C of nickel and iron were presented and compared with litera­P 
ture values . Two regions of significant disagreement were evident -
in the vicinity of the Curie transformations and at high temperatures . 
Both of these discrepancies were attributed to experimental errors . 
First, the effects of temperature gradients in the specimen on 
measured values of C near the Curie temperature T were discussed p c 
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qualitatively. These effects were shown to be similar to:  ( a) adiabatic 
calorimetric measurements which span T ; (b )  pulse calorimetric measure­c 
ments in which an erroneous T is s elected during data treatment ; and c 
( c ) measurements by either method in which an improper functional form 
for the time-temperature relationship is used when dT/dt is calculated 
near T . The last two experimental difficulties were demonstrated quan­c 
titatively using a pulse through T of nickel. These  results established c 
the validity of the qualitative arguments ,  were adequate proof that the 
difference in C measurements near T were due to improper experimental p c 
methods and procedures , and demonstrated that the Curie transformation 
was second-order by virtue of a finite but discontinuous C at T . p c 
Above 1200 K, accurate C measurements become increasingly diffi­p 
cult . One of the main problems is thermometry, and it was postulated 
that this  was the major reason for the discrepancies among the investi-
gations of the C of nickel and iron at high temperatures . Errors which p 
resulted from the use of contaminated thermocouples during the C p 
measurements on nickel and iron in this research were illustrated, and 
the improvement of these data after recalculation using the specimen as 
its own resistance thermometer was shown . It was noted that large tern-
perature gradients are induced in the thermocouples at their junction 
These with the specimen during pulse calorimetric measurements of Cp . 
gradients produce large errors when this  method is used ·at temperatures 
where the thermocouples are contaminated by their environment . 
From the discussions of the contributions to the specific heat 
capacity of a solid, it was postulated that the Cp of nickel and iron 
could be written as 
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+ [yT + AT3 ] + BT + C 
vm 
( 118) 
Equation ( 118) was used in conjunction with the C data to calculate p 
the Cvm of nickel and iron . For convenience during these  calculations , 
the algebraic sums C
P
- rn£( cp) 2T - 3RFd( T/ed) - yT and AT
3 + BT + cvm
, 
being equal, were designated C . To calculate C by the first sum, X X 
values of the Nernst-Lindemann constant yn£ and of the low-temperature 
coefficient r of C were selected from the literature .  Since there . ve 
existed some uncertainty as to the most appropriate value of ed to use ,  
Cx was calculated for several values of ed which had been given in the 
literature.  At low temperatures and near T ,  C is · approximately equal C X 
to C . Consequently, the values of C between 100 and 200 K were used vm x 
to select the "best" values of ed for nickel and iron, basing the deci-
sion on the expected shape of the C · T  relationship in this temperature vm' 
region. 
It then was possible to determine C from the C values - which vm x 
were calculated using the selected values of yn£' r and ed - by 
evaluating A and B of the second expression for C . This was accom­x 
plished for nickel by assuming that C was negligibly small between vm 
1400 and 1500 K and fitting the C values in this temperature interval . X 
to the function AT3 + BT by the method of least-squares . For iron, the 
C values between 1057 and 1123 K were fit by the method of least­x 
squares to the function a +  b log1o i T - T I .  Since C was approximately C X 
C in this temperature region and since this was the expected form for vm 
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Cvm if the Curie transformation was a critical phenomenon, the acquired 
function was extrapolated to higher temperatures as a first approxima-
tion to C . These approximate values of C were subtracted from c vm vm x 
between 1250 and 1625 K, and the difference ( c - C ) was fit by the x vm 
method of least -squares to the function AT3 + BT . An iteration of the 
process was performed using C between 1057 and 1123 K instead of C . � X 
These C values were determined using A and B of the first iteration . 
vm 
· The resulting values of B of iron and nickel were 60% below those 
calculated from the theory of Keller and Wallace . 2 2  Thes e values were 
also
_
negative, which is in agreement with their theory . The s ign 
of the constant A for iron was positive and was negative for nickel, 
which is  in agreement with the predictions of Shimizu, Takahashi, and 
Katsuki . 28 The magnitude of A for nickel was a factor of ten smaller 
than that predicted by the free electron theory, whereas that for iron 
is a factor of sixteen larger and of opposite sign. 
The Cvm: T  relationships obtained from these calculations were within 
experimental error of those in the open literature for both nickel and 
iron. This was also true for the total magnetic energy Uvm and entropy 
S
vm 
obtained from .the appropriate integrations of the Cvm: T  curves . 
Agreement of the theoretical calculations of U , S , and the dis-vm � 
continuity � in C at T was within fair agreement with theoretical 
vm vm c 
predictions, which were based on localized instead of itinerant electron 





rated "best . " 
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Plots of C versus log 1o I T - T I did not yield the expected vm c 
parallel curves for temperatures above and below T . This would be c 
the case if the Curie transformation of iron and nickel were critical 
phenomena . Also, the values within 10 degrees of T did not fit the c 
least-square function found from the values at temperatures more than 
10 degrees from Tc
. Periodic oscillations of the latter Cvm va
lues 
about this function suggested that the presumed form was incorrect . 
Ni3Fe Alloy . The specific heat capacity of Ni3Fe was found to be 
a function of the thermal history of the Ni3 Fe alloy as well as temper-
ature.  In addition, the experimental values of C between 750 and 1050 K . p 
were heating rate dependent . Measurements on four locally ordered and six 
long-range ordered states of Ni3Fe were performed. The degree of order 
for these treatments was established by auxiliary electrical resistivity 
measurements and Beal 1 s 90 theory for the change in electrical resistivity 
as a function of the long-range order parameter s .  It was found that 
the C of Ni3Fe decreased as S increased . .  This change amounted to 21% p 
of C at 1 . 2  K and 5 . 7� of C at 750 K. p p 
Due to the rapid heating rates employed, it was possible to heat 
the ordered structure far above its equilibrium transformation temper-
ature of 773 K. Data acquired for the locally ordered states during 
pulse s  from below the Curie temperature of 871 K demonstrated two peaks . 
The lower temperature and larger peak at 871 K was associated with the 
Curi e transformation, whereas the higher temperature peak was due to 
the destruction of local order . The temperature at which the latter 
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peak occurred was heating rate dependent because it was associated with 
an atomic-diffus ion�controlled rate-proces s .  
In measurements on the long-range ordered states , the s econd peaks 
were prevalent only when faster heating rates were employed because this 
peak was associated with the destruction of long-range configurational 
order, which is also a rate-controlled process . An increase in S was 
observed to increas e the Curie temperature, being a maximum of 
70 degrees for a state with an S of 0 . 96 at the inception of the puls e .  
Similarly, the temperature of the second peak increased with increasing 
order and occurred about 230 degrees above the equilibrium order-disorder 
transformation temperature . 
From measurements performed near liquid helium temperatures on 
Ni3Fe, the decrease of CP 
with increasing S was as sociated with a 21% 
change in the temperature coefficient r of the electronic contribution 
and a 6% decrease in the temperature coefficient � of the harmonic 
contribution Cvh '  That is , the density of electron states was lowered 
upon ordering and the cut-off frequency increased .  Also,  these C
P 
data were fitted better by a three term relationship, which included 
the aT31 2 spin-wave contribution, than by the standard two term expres­
s ion, namely rT + �T3 . Values of a, �'  and r were in good agreement 
with those of the literature . 
It was impossible to calculate C for the ordered states of Ni3 Fe vm 
because the ordered structure could not be retained to temperatures high 
enough to yield meaningful values of A and B of Equation ( 118 ) . How-
ever, C of the disordered state was calculated in a manner analogous v.m 
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to that for iron and nickel.  First, C was calculated using the value X 
of r found from the low-temperature measurements and the value of r n£ 
calculated from a linear interpolation of the nickel and iron values .  
The "best" value of ed was chosen as for nickel and iron . It was then 
assumed that C
vm was zero at 1423 K, the highest CP 
data point . Also,  
Keller and Wallace ' s22  theory was assumed to yield a value of B,  the 
temperature coefficient of C , that was 60% too high . From the C va x 
value at 1423 K and this value of B, the value of A was calculated . 
With thes e  values of A and B, the C : T  relationship was calculated 
vm 
from the C : T  relationship .  X . 
Integration of the C : T  curve obtained for the disordered Ni3 Fe vm 
state yielded values of U and S which were in reasonable agreement vm vm 
with theoretical values calculated assuming that the spin per atom was 
one and using Crangle and Hallam1 s8 6  value of 1 . 1  Bohr-magnetons/atom 
to calculate the number of magnetic atoms/atom • . In particular, the 
Heisenberg approximation results were within 10% . On the other hand, 
the values of � were at least 200% below all theoretical predictions , vm 
indicating that the discontinuity in C was masked by the simultaneous vm 
destruct ion of local order . 
Appropriate integrations of the ten C : T  curves which were obtained p 
were us ed in conjunction with the estimated states of order to predict 
a value for the energy U0d associated with transforming completely 
ordered Ni3Fe to completely disordered Ni3Fe at the equilibrium trans-
formation temperature . Similarly, ,lower bounds were predicted for 
the entropy Sod of this transformation . Exact values of the entropy 
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could not be found since the transformations took place in an irrevers-
ible manner . Literature values of U0d were in excellent agreement with 
the result obtained herein . The higher estimated value of S0d was in 
excellent agreement with that of the only available literature s ource .  
Recommendations 
As for most other investigations , this work has suggested a number 
of additional experiments and interpretative work which should be per-
formed. While not attempting to be complete, the following list 
indicates s ome of these recommendations : 
1.  Measurements of C of nickel and iron, as well as other ferro­p 
magnetic materials , should be made within one degree of the Curie tern-
perature on specimens with extremely small internal temperature gradients .  
This would yield more accurate values of tC . . vm 
2 .  Measurements on iron in the y and 5 stable regions us ing the 
specimen as its own resistance thermometer are suggested. This involves 
obtaining accurate resistivity data on the iron specimen from auxiliary 
measurements .  Similar C measurements are in order for nickel and Ni3Fe p 
above 1200 K. (Also,  measurements above 1200 K on all s olids should, 
in general, be made by res istance thermometry . ) 
3 .  The .measurement technique should be extended below room temper-
ature to at least the boiling point of nitrogen, but preferably to 20 or 
30 K. This would allow measurements of C in a temperature range where p 
few data are available and in which the C : T  relationship is varying p ' 
rapidly. This temperature region provides useful data for interpretative 
work on the components of C . p 
213 
4. Us e of faster heating rates is  recommended during repeat mea-
surements of the C of ordered Ni3Fe . This would maintain the ordered p 
structure to t emperatures above which the Curie transformation is  com-
plete and would allow calculation of C , U , and S as a function of vm vm vm 
the state of order . 
5 .  Use of slower heating rates is needed during remeasurements of 
the C of ordered Ni3Fe near the equilibrium order-disorder transforma­p 
tion temperature . This would allow the transformation to occur under 
nearly reversible conditions , which would provide data for a better 
estimate of S0d . 
6 .  Separations of the various contributions t o  the electrical 
resistivity of the materials investigated are possible . Such a treat-
ment would poss ibly allow correlation of the magnetic part of the 
dp/dT : T  relationship with the C : T  relationship . 
vm 
7 .  Measurements of C of other nickel- iron alloys as a function p 
of state of order would be informative . 
8 .  Measurement of other thermophysical properties , such as thermal 
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APPENDIX 
TABLE XXI 
SPECIFIC HEAT CAPACITY, ELECTRICAL RESISTIVITY, AND TEMPERATURE DERIVATIVE 
OF ELECTRICAL RESISTIVITY OF NICKEL FROM 333 K TO 1323 K 
TEMPERA TURE SPEC I F I C HEAT ELECTR I C AL TEMPERA TURE TE'IPE RUURE SPE C I F I C HEAT E l ECT R I CAl TfMPEI!ATURE 
CAPAC I T Y  RES I ST I V I TY DER I VAT I Vf OF CA PACI TY US I S T IV I TY l ER I VAT I VE OF . 
Rf S I S  T l  V I T Y  RE S I ST I V I T Y  
I K EL V I It l  I JOULE S/GRAM I DHM- C M I  I DHI'II D EGREE I ! K E L V I N  I I JOULESIGRA" I DH"'-CI'II l (lHI'I/OEGRE f l  
-ATO'I OEGR E E I  10 F.-6 1 0  E - 6  -ATOM D EG R E E  I " E-6 10  E-6 
] 3 3 . 2  2 7 .0C 8 , 7 9  0 . 0 434 �83 . 2  34 . 13 24 . 1 1  0 .08 7 4 
]38 . 2  27 . 1 3  9 . 0 1  0 . 0440 5 8 8 . 2  3 4 . 37 24 . 55 3 . 089� 
34 3 . 2  2 7 . 2 2  9 , 2 3  O o !'445 5 '1 3 . 2  3 4 , 64 . 2 5 . 0 1  1) , 0 9 1 5  
348 . 2  2 7 . 32 9 , 4 7  0 . 0451 599.2 3 4 . 9 1  2 5 . 4 7  0 , 0 9 3 8  
3 5 3 . 2 2 7 . 44 9 , 6 9  0 , 0457 61' 3 . 2  3 5 . 23 25 . 95 0 .0964 
358 . 2  2 7 . 54 9 . 9 2  ') . 0462 1>011 . 2  3 5 . 5 8  26 . 44 0 . 09'14 
363 . 2  2 7 , 64 10 . 1 4  0 .0468 6 1 3 . 2  35 .97 26 . 96 0 . 1 028 
31>8 . 2  2 7 . 76 10 . 3 7  0 . 0474 6 1 8 . 2  3 6 ; 4 1  2 7 . 5 1  0 . 1 !' 7 3  
37 3 . 2  2 7 . 86 10 . 62 O . C479 6 1 9 . 2  3 6 . 5 1  27 . 60 O o l 'l 8 ,  
37 8 . 2  2 7 . 99 '"·  8 5 o . r 4 8 5  620 . 2  3 6 . 6 1  2 7 . 7 1  0 o l  '1 9 5  
3 8 1 . 2  28 . 1 1  1 1 . 10 o . 0491 6 2 1 . 2  3 6 . 73 2 7 . 8 1  0 . 1 1 '1 7  
38 8 . 2  2 8 . 2 3  1 1 . 3 4 0 . 0497 6 2 2 . 2  3 6 . 83 2 7 . '1 3 1' , 1 1 2 1  
39) . 2  28. 33 1 1 . 5 9 � .o 5!'3 6 2 3 . 2  3 6 . 95 2 8 . 0 5  O o 1 1 3 7  
398 . 2  2 8 . 45 1 1 . 8 5  0 . 0 5 10 624 . 2  3 7 . 10 2 8 . 16 0 . 1 1  �6 
4!1 3 . 2  2 8 . 5 7  1 2 . 1 1  0 . 0 5 1 6  625 . 2  3 7 . 25 28 . 27 1) , 1 17 7  
4C 8 o 2  2 8 . 70 1 2 o  38 0 . 0 522 626. 2 3 7 . 42 2 8 . 39 0 . 1 20 2  
41 3 . 2  2 8 . 8 2  1 2 . 6 3  O . C 528 627 . 2  3 7 . 69 2 11 . 5 1  (1 . 1 2, 7  !\) 
4 1 8 . 2 2 8 . 94 1 2 . 90 0 . 0 5 3 5  628 . 2  3 8 . 0 3  28 . 63 (1 . 1 26'1 !\) 
423 .2 29 . 0 7  n . t 8  0 .0 542 62 '1. 2 3 9 . 57 2 8 . 76 0 . 1 1 10 ()'\ 
4 2 8 . 2  2'1 . 2 1 1 3 . 4 5  · o .0 5 49 6 30 . 2  3 9 . 26 28 . 89 0 . 1 354 
433 . 2  2 9 . 34 1 3 . 74 0 . 0 556 630 . 7  3 9 . 66 2 8 .96 0 . 1  )76 
4 3 8 . 2  29.46 1 4. 0 3  0 . 0 563 6 3 1 . 2  40 . 1 5 29 , C 2  0 . 14n, 
443 . 2  2 9 . 5 8  14 . 3 2  0 . 0 5 7 1  6 3 1 . 7  40 . 69 29 , (.' 8  0 . 142':' 
448 . 2  2 9 . 7 1  1 4 . 6 (.'  0 . 0 � 78 6 32 . 2  4 1 . 1l 29 . 14 0 . 1 446 
45 3 . 2  2 9 . 8 3  1 4 . 8 9  O . C 586 632 . 7  41 . 97 29 . 1 8 I) . 1 480 
45 8 . 2  29.98 1 5 . 1 9  o . 0594 6 H . O  42 .43 2 9 . 2 1  t' o 1 4'14 
4 6 3 . 2  30 . 10 1 5 . 50 0 . 0 603 631. () 34. 7'1 29 . 2 1  0 . 0 8 2 2  
468 . 2  30 . 25 1 5 . 8 0 0 .0 6 1 2  6 H o 2  3 4 . 72 29 . 2 3  0 . ')81)6 
4 7 3 . 2  3t . 37 1 6 . 1 C  0 . 0622 6 3 3 . 7  34 . 5 5  29 . 2 8  0 , 07 79 
4 7 8 , 2  3C .49 1 6 . 4 1  0 . 0 6 1 0  634 . 2  3 4 . 42 29 . 3 1 0 .1:17 5 2  
4 8 3 . 2  1(1 .64 1 6 . 7 2  0 . 0639 634 . 7  34 . 2 8  29 . 35 o .n 7 2 5  
488 . 2  30 . 76 1 7 . 0 4  . 0 . 0 648 63 5 . 2  3 4 . 15 2 9 . 39 (' , 070� 
4 9 3 . 2 3C , 9 1  . 1 7 . 1 6  0 . 0658 6 3 6 . 2  3 3 . 91 2 9 . 46 0 . 0675 
498 . 2  1 1 .06 1 7 . 6 9  o . C667 6 3 7 . 2  3 3 . 71 29 . 52 0 , '1652 
50 3 . 2  3 1 . 20 1 8 . C 2  o . 0 6 7 f.  6 3 8 . 2  3 3 . 5 1  29 . 59 0 . 11 6 3 1  
5C 8 . 2  1 1 . 35 1 8 . 3 5  0 . 0686 639 . 2  3 3 . 34 29 . 6'1 0 . 0 6 1 �  
5 1 3 . 2  3 1 . 5C 1 8 . 6 8  o . c 695 - 640 . 2  3 3 . 1 9  29 . 72 O . CI�9� 
5 1 8 . 2  1 1 . 6 5  1 9 . 0 2  o . o 7C 5  64 1 . 2 33 .05 2 9 . 7 7  , , 1) 5 11 5  
523 . 2  3 1 . 82 1 9 . 3 8  0 . (1 7 15 642 . 2  3 2 . 92 29 . 83 0 . 0 5 7 2  
52 8 . 2  3 1 .97 1 9 . 74 (1 , 0 7 2 5  643 . 2  3 2 . 83 29 . 89 0 . 0�62 
5 3 3 . 2  12 . 1 4 20 . 1 0 0 . 0 7 3 5  644 . 2  3 2 . 70 2 9 . '14 0 . 0552 
5 3 8 . 2  1 2 . 3 1  20 . 4 7  0 . 0 746 645 . 2  3 2 . 63 30 .0!'1 0 .0�41 
54 3 . 2  12 . 4 8  2 0 . 8 5  o . c 7 5 B  646 . 2  3 2 . 5 1  30 . 0 5  0 . 0 53 6  
54 8 . 2  3 2 . 6 3  2 1 . 2 3  0 . 0 770 647. 2 3 2 . 43 3� . 10 (! . 0 5 2 7  
55 1 . 2  3 2 . 85 2 1 . 6 2  0 . 0 7 81 648 .2 32 . 33 30 . 1 7 O . 'l52C' 
5 5 8 . 2  33.02 2 2 . 0 1  0 . 0 795 6 5 3 . 2  3 2 . 0 1  30 . 41 0 . 0 4�8  
563 . 2  H . 22 2 2 . 42 0 . 0 809 6 5 8 . 2  1 1 . 79 30 . 64 0 . 0463 
568 . 2  1 3 . 44 2 2 . 8 3  0 . 0824 66 3 . 2  3 1 . 62 30 . 87 0 , 0441 
5 7 3 . 2  3 3 . 66 23. 2 5  0 , 0 840 668 . 2  3 1 . 50 3 1 . C' 8 0 , 042 �  
5 7 8 . 2  ] ] , 8 8  2 3 . 6 7  0 . 0 856 673 . 2  3 1 . 38 31 . 29 !1 , 04 1 7  
TABLE XXI ( continued) 
TE IIIIP f R ATURE SPEC I F I C  HEAT E L HTR I C At. TE .. � E R A T UR E  T E M PE R U UR£ S PE C I F I C  HEAT E L FC T R I C H  TE III P E II.ATtiU: 
C lPAC I T Y  U S I ST I V I TY OEII. I VA T I VE OF C A P A C I TY � ES I S T I V I T Y  l E I!.  IV A T  I V  F. OF 
RE S I S T I V I T Y  R E S I S T I V I T Y  
l ltE L V I N I  I JOUL E S /GRA'I I OH .. -C .. I C OH .. /OEGREE I I K E L  V I N I  I J OULF. S/GR A"' I OHIII - C "' I  I OH"'/OFGII. E E  I 
- ATO .. OEGII.EE I 10 E - 6  1 0  E-6 -UO"' i>E:>II.FE I 1 .,  F-6 10 E-6 
6 7 8 . 2  1 1-. lJ 3 1 . 4 9  0 . 04�7 928 . 2  1 2 . 0 9  �9 . 67 " · 0 2 8 4  
6 8 3. 2 3 1 . 2 1  3 1 . 69 1) . 1'1 3 9 7  9 3 3 . 2  12 · " ' 3 9 . 8 2  0 . 1) 2 8 4  
6 A 8 . 2  3 1 . 1 5  3 1 . 8 9  '! . 1) 390 9"'· 2 3 2 . 1 6  l9 . 96 � · "' 28 3 
6 93 . 2  3 1 . 1 l  3 2 . 0 8  'J . (I 311 4  9 43 . 2  32 . 2 1  4J . 1!' C' . " 2 � 1  
698 . 2  3 1 . C 8  3 2 . 2 11  o . o 3 7A 94 8 . 2  32 . 2 6 .  4!' . 24 0 .') 2 8 2  
7(" 3 . 2  31 . 1: 6  3 2 . 1t 7  ') . (1 3 7 3  9 5 3 . 2 3 2 . 2 8  4� . 38 t' . 0 2 8 1 
70A . 2  3 1 . 0 6  3 2 . 6 6  n . C' 3 67 958 . 2  3 2 . 33 40 . 5 2  C' . " 2A I 
7 1 3 . 2  3 l . C 3 3 2 . 8 4  11 . (1 36 3  963 . 2  3 2 . 1 8  4C . 66 C' . 'l ? 8 ()  
7 1 8 . 2  J l . C 3  3 3 . 0  0 . 0 3 6(1 968 . ,  3 2 . 4 1 4C . 80 o . :> 2 � "  
7 23 . 2  3 1 . c 1  3 3 . 2 0  0 . (1 3 56 973 . 2  32 . 46 4!' . 94 "' · " 2 79 
7 2 8 . 2  1 1 . 0 1  3 3 . 3 8  , . (' 3 5 3  978 . 2  3 2  .. 5 1  4l . C 8  :> . C 2 7 't  
7 3 3 . 2  3 l o C I 3 3 . 5 5  'l . 0 349 981 . 2  3 2 . 56 4 1 . 22 0 . 0 2 7 11  
7 3 8 . 2  H . C 3  33 . 7 3  1) . (' 3 4 6  98 8 . 2  3 2 . 5 11  4 1 . 36 , . 1' 2 7 ?  
74 3 . 2  3 1 . 0  3 3 . 9f. � . t:" 3 43 993 . 2  3 2 . 6 1  4 1 . 49 c . o 276 
74 8 . 2  3 l . C 3 3 4 . C 7  0 . 0 3 40 998 . 2  3 2 . 6 8 4 1 . 63 o . " 2 76 
7 5 3 . 2  3 1 . 06 3 4 . 2 3  :J . C 3 3 8  1 11' 1 . 2  32 . 13 4 1 . 71 ':1 . (1 ? 7 �  
7 5 8 . 2  3 1 . c 8  34. 4 0  C . 0 3 3 4  1 C � 8 . 2  3 2 . 7 5 4 1 . 9 1  11 . 1'1 2 7 4  
7 6 3 . 2  J l o l l  3 4 . 5 6  0 . 0 3 3 2  1 0 1 1 . 2  3 2 . 8: 4 2 . 0 4  ') . 0 2 7 4  
76 8 . 2  1 1 . 1 1  34 . 1 3 o . c 3 3CI 1 1'1 1 8 . 2  3 2 . 85 4 2 . 1 8 � . 'l n 4  
7 7 3 . 2  3 1 . 1 5  3 4 . 89 " . ,.. 3 2 8  1 , 2 3 . 2  3 2 . 90 42 . 12 0 . 1 2 7 3  
7 18 . 2  3 1 . 1 8  3 � o C 6  � . C' 3 26 1 C 2 8 . 2  3 2 . 95 42 . 45 o . n 1 2  
7 8 3 . 2  u . 2c 3 5 . 2 2  o . r 32 4  l f' B . 2  3 2 . 97 4 2 . 58 " · " 2 1 2  !\) 
7 8 8 . 2  3 1 . 2 3  H . 3 8  o . r  1 2 2  1 0 3 8 . 2  3 3 . 0 2  4 2 . 72 " · "' 2 1 1  !\) 
7 9 3 . 2  3 1 . 2 5 3 5 . 54 0 . !:' 3 2C 1 J4 3 . 2  3 3 . 07 4 2 . 85 C' . ? 2 1 1  ......:J 
79 8 . 2  3 1 . 2A 3 5 . 7 0  0 . 0 3 1 8  1 0 4 8 . 2  3 3 . 1 2 42 . 9 9  0 . '1 2 7'" 
80 . 2  3 1 . 3C 3 5 . 8 6  , . C 3 1 1  1 � 5 3 . 2  3 3 . 1 1  43 . 1 2  0 . 0269 
8 � 8 . 2  3 1 . 3 3 36 . r 2  ') . 0 3 1 5 1 0 5 8 . 2  3 3 . 2 2  41 . 2� " · " 269 
8 1 3 . 2  3 1 . 3 5 3 6 . 1 7  0 . (1 3 1 3  1 '1 63 . 2  3 3 . 27 43 . 38 0 . "' ? " �  
A l 8 . Z  1 1 . 3 8 36. 3 3  " ·t' 1 1 Z 1 (1 6 8 . 2  3 3 . 32 43 . 52 C . "268 
8 2 3 . 2 3 1 . 4( 36 . 4 8 O . C  31C 1 C 13 . 2  3 3 . 3 1 4 3 . 6 � <' . 11 26 7  
8 2 8 . 2  3 1 . 4 3  36 . 6 4  ':1 . 0 30 8  1 0 7 8 . 2  3 3 . 4 2  ... � . 78 :> . '1 266 
8 3 3 . 2  3 1 . 4 7  3 6 . 7 8  o . 0 3'"·6 1 c e 1 . 2  3 1 . 46 4 3 . 92 0 · " 26 1>  
8 3 8 . 2  3 1 .  5C 36. 9 4  0 . 0 3(' 4  1 (1 8 8 . 2  3 3 . 5 1  44 . 1'C 5  0 . " 26 �  
11 4 3 . 2  3 1 . 52 3 7 . C 9  ') . 0 3t:' 3  1 (' 9 3 .  2 3 3 . 56 44 . 1 9  :> . c u  ... 
848 . 2  3 1 . 5 7 3 7 . 2 6  � . C 30 1  I C' 9 8 . 2  3 3 . 6 1  44 . 32 , • ., 2 6 4  
8 5 1 . 2  3 1 . 6C 3 7 . 4 3  1) . (1 301' 1 1 C 3 . 2  3 3 . 66 44 . 45 ':' . ')2 !> 1  
8 5 8 . 2  3 1 . 62 3 7 . 5  8 1) . 0 2 99 1 1 C 8 . 2  H . 7 1 44 . 58 0 . "1 262 
8 6 1 . 2  3 1 . 6 5  3 7 . 7 4  0 . 1' 2 98 1 1 1 3 . 2  3 3 . 76 44 . 7 1 n . ,., 2 6 �  
se,8 . 2 3 1 . 6 7  3 7 . 8 9  t:' . n 2 96 1 1 1 11 . 2  3 3 . 8 1  4 4 . 84 C . 026 1 
8 7 3 . 2  3 1 . 70 3 8 . ( 5  0 . 0 2 95 1 1 2 3 . 2  3 3 . 11 6 44 . 9 7 1' . 0 2 6 1  
8 7 '1 . 2  3 1 . 74 l 8 . 2 1  0 . 0 2 '14 1 1 2 8 . 2  3 3 . 9 1  4 � . 1(' o . -, ?6" 
8 8 3 . 2  1 1 . 71 38 . 3 6 0 . 0 2 9 3  1 1 3 3 . 2  3 3 . 96 4 � . 2 1 0 . 0 2 6 0  
8 8 8 . 2  3 1 . 7'1 3 8 . 5 1  0 . 0 2 '1 2  1 1 3 8 . ?  3 4 . 0, 45 . 16 0 .  '1 2 �9 
8 9 3 . 2  3 1 . 8 2  3 8 . 6 6  0 . 0 2'1 1  1 1 4 3 . 2  3 4 . 0 5  4 S . 49 t' . 'l 2 5 9  
898 . 2  3 1 . 87 38 . 8(' n . 0 2 90 1 1 4 8 . 2  3 4 . 1 0  4 5 . 62 " · " 2 � 8  
9 r  3 .  2 ] 1 . 89 3 8 . 9 5  () . 0 2 89 1 1 5 3 . 2  3 4 . 1 5  4 5 . 76 " · " 2 5 8 
9C d . 2  3 1 . 92 3 9 . 0 9  ? . C' Z 8 8  1 1 5 8 . 2  3 4 . 2' 4 S o  BB " · "' 2 � 8  
9 1 3 . 2  1 1 . 97 39. 2 4  :'I . C' 2 8 7 ' 1 1 6 1 . 2  34 . 2 5  4'> . 1'1  "' · " 2 5 7  
9 1 8 . 2  ) 2  . c  1 3'1. 3'1 o . e> 2 U  1 1 6 8 . 2  3 4 . 3(1 4� . 1 4 t' . 'l2 5 7  
92 3 . 2  ) 2 . 04 3 '! .  5 3  ;) . 0 2 8 5 1 1 7 3 . ?  3 4 . 3 5  4f> . 2 7  "' · "' 2 5 7  
TABLE XXI 
TfM,fiUTIJitl! S'IC I I' IC HEU EL!CTR I CAL T£M,UATIJitE 
CAPAC If 'I' R f S I S T I V I f Y  DER I VAT I VE OF 
RE S I ST I V I TY 
I KH V I 'I I I JDUL E SIGRA,. I OHM-t l'l l  I DHMIDEGR E E I 
- ATOM DEGREE I 10 E-6 1 0  E-6 
1 1 111 . 2  14 . 40 46. 4C 0 . 0 2 5() 
1 1 8 3 . 2  34 . 45 46. 5 3  J . c  2 5() 
1 18 8 . 2  34 . 5!' 41> . 6 5  1) . 0 2 56 
1 1 '1 3 .  2 34 . 55 46 . 7 11  0 . 0 2 56 
1 1  '1 8 .  2 3 4 . 5 '1  46 . '1 Z  0 . o  255 
ur 3 . 2  34 . 64 47 . 0 4  0 . 0 2 5 5  
1 2( 8 .  2 34 . 6'1 47. 1 7  1) .0 2 54 
1 2 1 3 . 2  34. 74 47. 2 '1  0 , 0 2 54 
1 2 1 8 . 2  34 . 7'1 4 7 , 4 2  O . C 2 54 
1 2 2 3 . 2  34 . 84 47. 5 5  0 . 0 2 53 
1 22 8 . 2  3 4 . 8'1 4 7 . 6 7  0 . 1' 2 53 
1 2 3 3 . 2  34 ,'14 47 . 7 '1 0 . 0 2 53 
1 2 38 . 2  34 . '19 47 . 9 2  o . C 2 5 2 
1 2 4 3 . 2  3 5 . r 4  48 , C 5  0 .!' 2 52 
1 2411 . 2  35 . r 'l  4 8 . 1 11 0 , " 2 52 
( continued) 
TfM,ERUUU SPE C I F I C  HUT 
CAPAC I TY 
I KE L V I It l  I JOUL E SI G R AI'I 
-AT OM DE�RFE I 
1 2 53 . 2  3 5 . 1 6  
1 25 8 . 2  3 5 . 2 1  
1 263. 2 3 5 . 7.6 
1 21>8 . 2  35 . 31 
1 27 3 . 2  35 . 36 
1 2 7 8 . 2  3 5 . 4 3  
1 28 3 . 2  3 5 . 4 8  
1 2 8 11 . 2  3 5 . 5 3  
1 2 '1 3 . 2  3 5 . 6!) 
1 2'18. 2 3 5 . 6 5  
1 3J 3 .  2 35 . 70 
1 30 8 . 2  3 5 . 75 
1 3 1 3 . 2  3 5 . 82 
1 3 1 11 . 1  3 5 . 8 7  
1 32 3 . 2 3 5 . '12 
I!LECTit iCAl 
RES I S T I V l TY 
I OHIII-tM I  
1 J  E-6 
411 . 2'1 
4� . 42 
4 8 . 55 
411 . 6 7  
48 . 7'1 
411 . '12 
4'1 .n4 
4'1 . 1 1 
4 '1 . 2'1 
4'1 . 4 2  
4'1 . 5'5 
4'1 . 66 
4 '1 . 7'1 
4'1 , '11 
5) .!13  
TfMPEUTUU 
lER I V U I VE OF 
R E S I ST I V I T Y  
I :JH,.IDEGR F E I  
1 0  E-6 
... '1252 
0 , 1) 2 5 1  
(1 , '1 2 5 1  
,. , 1) 2 5"' 
n . 1 2 5" 
C . l) ?. � 'l 
r. . n 24'1 
0 . 024'1 
::0 . ? 24'1 
0 . '!24�  
(' . , Z4S 
O . 'l 24� 
n . 0 247 
C . ?247 
o . n247 
l\) l\) 00 
TABLE XXII 
SPECIFIC HFAT CAPACITY, ELECTRICAL RESISTIVITY1 AND TEMPERATURE DERIVATIVE 
OF ELECTRICAL RESISTIVITY OF IRON FROM 318 K TO 1178 K 
fEMPEIIAYUIIE SPEC I F I C  HUT El ECTII I CAl TENPEIU. TUIIf ffNPFUTUIIE SPE C I F I C  HEU H E CTUCU fEIOPfiiUU•E 
CAPAC I T Y  I!. E S I S T I Y I T Y  Dfi!. IY&T I Y F  OF CAPAC I TY � ES I S T I Y I H  lEII I Y U I Y E  OF 
llf S I Sf i Y I T Y  ' E S I Sf i Y i f Y  
I KE l Y I N I  I JOIIL[SIGUII I OilM- C " I  IOH'4/DEGIIEE I I KEl Y P I I  I JOULESIGRAII I Oif'I-C" I  I OHOIIOEGIIE E I  
-UOIO DEGI!. E E I  10 E - 6  1' E - 6  -ATDN DEGRFE l 1� E-6 1 0  E-6 
3 1 8 . 2  2 5 .T6 u . u  0 . 0 562 su.z : u . u  1� . 5T " ·"91 1  
3 2 1 . 2  2 s . n  l l . 8 l  .., . � 567 5 1 ] , 2  ] 1 . 1� n , n6 1) , ('1986 
1 1 8 . 2  2 5 . 99 1 2 o l l  � . 0 5 T1 5 1 8 . 2  1 1 . �6 3 1 . 5� , . 0998 
1 H . Z  2 1o o l l  u . �!! , . 0 5 79 � 8 1 . 2  3 1 . 5 8  32 . 0 3  0 , 1 005 
H 8 . 2  26 . 22 1 2 . 69 , . , 585 5 8 4 . 2  l 1 o 6'1 )2 , 5 ] (' . 1 � 1 5  
1�1 . 2  26 . 12 1 2 . 9 8  1) , 05'12 �'13 . 2  3 1 . 8 1  ) ] , 1) 5  0 . 1 0 2 �  
3�8 . 2  Zl> o H n . z8 , . (" 599 5 98 . 2  ] 1 . '15 1 1 . 56 o . 1 n 3 5  
3 5 3 , 2  2 6 . 5 5  1 3 . 5 8  O . C M 5  6C 3 . 2  3 2 , 0T 3� . 08 !.' . 1 ��� 
3 5 8 . 2  2 6 . 6 T  1 ] . 8 9  (.1 , 0 6 1 3  M 8 , Z  3 2 . 1 8  3 � . 6 1  0. 1(\�� 
36 3 . 2  26 . T'I 1 � . zc � . C 67.1l 6 l 3 . 2  3 2 . 30 35 . 1 3  C" . t�6J 
3 68 . 2  2 6 . 8 8  1 � . 5 1  0 . �6 2 8  6 1 8 . 2  3 2 . �� 1 � . 66 � . 1 n n  
3 1 3 . 2  2 1 o OC 1 � . 8 �  0 . 0635 62 3 . 2  32 . 56 36 . 1 '1  0 . 1!.' 8 2  
H8 , 2  2 1 o 0 '1  l 5 o 1 6  o . r.t.�l 6 2 8 . 2  3 2 . 6 8  l6 . T� 0 . 10'12 
3 8 3 . 2  2T o 2 1 1 5 . � 8  I) ,C 6 5 l  631. 2 ) 2 . 82 n . 2e o.uoz 
3 8 8 . 2  2 1 . 3 2  1 5 . 80 0 . 065'1 6 3 8 . 2  1 2  , 9) 3 1 . 8� O . l l ! l  
3 9 3 . 2  2 1 . 4� 1 6 . 1 �  0 . 066T 6 4 3 . 2  H o OT 18 . 38 n . 1 1 2 1  
3'18 . 2  2 T o 5 3  1 6 . 4 8  n ,C6T5 6�8 . 2  3 3 . 19 38.'13 0 . 1 1 1 1  
4� 3 . 2  2 7 o 6 5  1 6 . 8 1  !' .C6U 6 H . 2  n . n  3'1 . �'1 � . 1 1 � 1  
� c  e.2  2 T . T T  ! 1 . 1 5  0 .06'11 6 5 8 . 2  n . �T 4:." . n 6  0 . 1 1 �0 I\) 
41 3 . 2  2 1 . 86 ! 1 . 50 0 .06'19 663 . 2  H o 6 l  4� . M  o . u6r. I\) 
4 1 8 . 2  2 1 . '18 ! 1 . 8 6  O , OTCT 668 . 2  n . n  �1 . 2 1  n , 1 1 6 '1  \0 
�2 3 . 2  2 8 . 0 T  1 8 . 2 2  0 . 1) 7 1 6  6 1 3 . 2  H o 89 �l . T'I 0 . 1 1 1" 
�28 . 2  2 8 o 16 1 8 o 58 ., .0:012� 618 . 2  ]4 , 1) 1  �2 . n  1) , 1 !8 "  
� n . 2  zs;ze 1 8 . 9 5  o . en1 6 8 3 . 2  3 � . ! T �2 .'1'1 0 . 1 1 '1'1 
4 3 8 . 2  2 8 , 4C 1 '1 . 3 1  O .I' T4 1  6 M , Z  3 4 . 3 1  4 3 . 60 '3 . 1 2,,. 
� 4 3 . 2  2 8 . 49 1 '1 . 69 0 . !.' 150 6 .. 3 . 2  3 4 . � 5  44 . 1 9  ? , 1 2 U 
�48 . 2  2 8 . 6 1  2e . c 8  · o . C T59 698. 2  3 4 . 62 44. 79 O . l Z H  
4 5 3 . 2  Z 8 . TO 2c . 4 T  :) , () T61 Tll3 . 2  3 4 . 1 8  4 5 . 3 '1  O . l 2H 
4 5 8 . 2  2 8 , 8 2  20 . 8 5  1) , 0 1 1 1  7Cl8 . Z  3 4 . '12 � 6 . 04 n . u�T 
46 1 . 2  2 8 , 9 1  2 1 . 2 4  G . 0185 1 l l , 2  H . l l  46 . 65 C o l 2 56 
468 . 2  2 '1 o C l  2 1 . 6 3  I) , (' T96 T l 8 . 2  l 5 o H  4 1 . 2 '1  0 . 1 266 
413 . 2  2'1. 1 5  2 2 . 0 3  0 . 08�1 123,2 ] 5 , 4] 4 1 , '1 1  1) , 1 21 5  
4 1 8 . 2  29. 2 6  2 2 . 4 �  o . a 8 U  128 . 2  ] 5 ,6, 4 8 . 55 C' . l 2 8 5  
4 8 ) . 2  29. 36 2 2 . 8 5  0 . 0820 TH. 2 3 5 . T6 �'1 . 20 0 . 1 295 
�8 8 . 2  2 '1 . �T 2 3 o 2 T  � . C 829 138 . 2  " · "' �9 . 8� � . 1  )I\] 
4 '1 3 . 2  2 '1 o 5 T  23.69 0 . 0839 1�1 . 2  3 6 o l l  " · �· 0 . 1 31 3  
�'18 . 2  2 '1 . 6 8  24 . 20 1) , 0 8�8 1� 8 . 2  3 6 . 30 5 1 . 14 1' . 1 323 
5C 3 , 2  2 '1 o 80 2�. 5 �  O . C 8 5 1  T53 . 2  3 6 . 49 5 1 . 82 o . nn 
5C8 . 2  2 '1 . 8'1 2 � . 9 7  0 ,0 8 66 T 5 8 . 2  3 6 o 6T 5 2 . 4 8  " · "�' 
5 1 3 . 2  30 . 0 1  2 5 . � C  0 .0 8 1 5  16) . 2  3 6 . 86 5) . 15 o . nH 
5 1 8 . 2  30 o l l  25. 8 T  0 .0 8 84 168 . 2  H . O T  5 3 . 8 1  � . 1 161 
523. 2 30 . 2 2  26 . 3 1  O . C 8'1l 111 . 2  H o 26 5 � . 4'1 o . nn 
52 8 . 2  30 . 3� 26. 18 O .O'IC2 7 1 8 . 2  3 1 . 41 5 � . 20 � . 1 1 8 '\  
sn . z ]O , H  2 1 . 2 �  � , C 9 1 1 78 3 . 2  3 T o 6 8  5 5 . 88 O . l l'l' 
5) 8 . 2  30 , 55 zr. n r .r.•zc 18 8 . 2  1 1 . 8'1 56 . 5 1  o . 1�n 1  
5� ] . 2  )0.67 2 a . u  n ,C 93e 1'1 3 . 2 3 8 . 1 0  5 1 . 2'1 0 . 1 �1 3  
5�8 . 2  3C . T8 28 . 6 5  O . C '1 39 T'l8 . 2  3 8 . 3 1  5 1 .
99 (' . 1 �23 
5 5 3 . 2  30 . 8 8  29 o l l  0 . 1) '149 8r 3 . 2  3 8 . 5� 5 8 , 11) � . 14H 
551 . 2  Jo. q q  2<1.t.n O , IJ'IS'I 8 C 8 . 2  3 8 . 15 5 fl . 49 r . 14�3 
563 . 2  3 l . l l  JO . O 'I  0 . 0 '161 8 1 3 . 2  ] 8 , .,.. 60. 20 .. . .  �53 
TABLE XXII ( continued) 
T E IO Pf R ATURE S P EC I F I C HEAT H E C TR I CAL TEIOPERA TURE T : M PE RATURE SP: C I F I C  HFAT E l F CTR I CAL T E N PF. R ATUU 
CAPAC I TY R E S I S T I V I TY D E R  IVA f i VE OF CAPAC I TY R F S I S T I V I TY ) E R  I V A T I V E  OF 
R E S  I S  f 1  V I TY R E S I ST I V I T Y  
I KELV I N I  I J()UL ES/GU"' 10 ... - C M I  IOHMIOEGREE I I K E L V I N I  I J DU L E S I G R AIO I DH"'-COII I OHMIOEGRHI 
-ATO"' OEGRH I 10 E - 6  1 '  E-6 - A r � IO  O E � R F E  I " F.-6 1 �  F-6 
1 1 1 . 2  3 9 . 2C 60 . '1 3  0 . 1 .65 I C3 2 . 2  67 . 55 '18 . 1 1  0 . 2�50 
8 2 3 . 2  1 9  • •  5 6 1 . 6 3  C . 1 .75 1 � 3 3 . 2  6 8 . 2� '1 9 . 1 1  � . 2 H6 
128 . 2  39.69 6 2 . 3 6  C' . 1 . 87 1 0 3 4 . 2  6 8 . 90  9 9 .  4{\ e. 2b0• 
a n . 2  19.9. 6 3 . 1 2 0 . 1 .99 I C 3 5 . 2  6 9 . 58 9 9 . 6 8  � . 2 6•� 
1 3 8 . 2  •o . 2c u . a 6  0 . 1 5 1 C'  1 � 36 . 2  1c . 2a 9 9 . 92 " . 2671) 
84 3 . 2  40 . 46 6 • . 6 2  0 . 1 5 l 1  1 C 3 7 . 2  7 0 . 98 100 . 20 o . 27'l8 
a•8. 2 •c . 7• 6 5 . 5 9  0 . 1 5 3 3  1 J 3 1 . 2  n . n  1 �1'\ . 44  n .ZT42 
8 5 1 . 2  4 1 .� 2  66. 1 6  o . 1 s•s 1 0 3 '1 . 2  1 2 . sr 1 0 � . 76 0 . 2781'1 
asa . 2  . 1 . 30 6(>. '1 8  0 . 1 556 1 04 0 . 2  7 3 . 31 I O I . n4 o . 2 � 2 •  
16 3 . 2  • 1 . 58 6 7 . 6 1  C . I S78 � � • 1 . 2  7 • •  1 .  1 n . 2 a  1' . 2160 
8 6 8 . 2  . 1 . 88 6 1 . 5 1  0 . 1 581 � � ·2 . 1  1 S . OC . I C' I . 56 (1 , 291'1 • 
87 3 . 2  . 2 . 19 (>9 . 2 9  1'1 . 1 5"1 1 0 • 3 . 2  7 5 . 9• • 1 0 1 . 80 " · 2"H 
878 . 2  • 2 . s 2  7(' , 0 7  o . l t.� s  1 0 . 3 . 2  5 9 . 3 0  1 0 1 . 80 O . l t.•� 
8� 3 . 2  •2 . 8• 70 . 8 9  0 . 1 6 1 7  � �·•· 2 5 8 . 8 1  1 0 1 . 96 o . t 6 1 "  
� A 8 . 2  . 3 . 1 7  n . t.R 0 . 1 630 1 0 • 5 . 2  5 8 . 29 I C2 . 1 2  � . 1 5 7 1  
8 '1 3 . 2  . 3 . 52 72 . 61' 0 . 1 6•2 1 0. 6 . 2  5 7 . 82 1 02 . 26 C! . l  s•2 
8'18 . 2  . 3 . 8'1 n . •• ., . 1 6 55 1 0 • 7 . 2  5 7 . 3 3  1 0 2  • •  2 n . 1 5 1 r.  
qt"' 3 . 2  •• • 25 7•. 2 •  � . l 66CI 1 o• 8 . 2  5 t. . a• 1 �2 . 56 " . t •8o 
91' 8 . 2  •• • 6 2  7 5 . 0 5  " . 1 6 8) 1 0. 9 . 2  5 6 . 3 1  1 0 2 . 7� C! . t •so 
9 ! 3 . 2  ••• 99 75 . 8 8  0 . ! 698 I C 50 . 2  5 5 . 9 1  1 � 2 . 84 n . t • t 8  
'11 8 . 2  . 5 . 39 1 S , 1 C  1) . 1 1 1 2  1 0 5 1 . 2  5 5  • •  (> 1 � 2 . CI6 0 . 1 116 
92 3 . 2  . 5 . 8 1  7 7 . 5 3  r:t . l 726 I C' 5 2 . 2  s s . o• 1 !' 1 . 1 2  .. .  1 360 
'12 8 . 2  . 6 . 2 3  78 . 3 1  O . I HI 1 0 53 . 2  s . . t.2 1 � 3 .2• � o l lZ R  
9H o 2  4 (> . 68 79. 1 1  1'1 . 1 757 1 1) 5 4 . 2  5 4 . 2 3  1 1' 1 . 16 " · ·  )1" 2 l\) 
9 H . 2  •7 · 1 · 80 . 0 4  11 . 1 772 1 0 55 . 2  5 3 . 78 1 0 1 . 5� 1) . 1 2H w 
94 3 . 2  47 . 6 1  80 . 89 0 . 1 789 1 0 5 6 . 2  5 J . ) 8  . , . 64  r . 1 2 � 1  0 
4J48 . 2  • 1 . 1 2  8 1 . 17 0 . 1 80 5  1 0 5 7 . 2  5 2 . 9(> 1 0 3 . 76 " · I Bn 
'1 5 3 . 2  4 8 . 6 6  8 2 . 6 8  o . un 1 0 5 8 . 2  5 l . 59 1 !! 3 . 89 0 . 1 2" 7  
958 . 2  4 9 . 2 5  8 3 . 60 0 . 1 84 1  1 0 5 9 . 2  s 2 . 29 1 1' 4 . 00 1'1 . 1 1 � 8  
9H o 2  . 9 . 85 84. 51' 0 . 1 8 57 I C' 60 . 2  5 1 . 98 1 04 . 12 c . 1 1 6 6  
'168 . 2  SC o 5 3  8 5 . 4 3  C . I R77 1 '16 1 . 2  5 1 . 71' 1 0 4 . 22 C . l l 41 
q7 1 . 2  5 1 . 26 � , . 4 2  O o l 90� I C 6 2 . 2  5 1 . �  1 04 .  )4 'l o \ \ 2 8  
978 . 2  5 2 . 0 3  8 7 . 3 P  0 . 1 925 I C' 6 3 . 2  5 1 . 1 4 1 ) 4 .  47 '!' . 1 1 1 2  
98 3 . 2  5 2 . 8C 1 8 . 3 6  1) . 1 952 1 "65 . 7  50 . 5 8  1 0 4 . 74 n . t n 7 2  
9 1 8 . 2  5 ) . 6. � � . 11' ... 1 981 1 0 6 8 . 2 5 0 . 0 6  I 05 . CO 1'1 . 1 1'1 16 
'1" 3 . 2  54. 55 '11 . 3 2 O o 2 C I S  1 0 70 . 7  4 9 . 6 2  1 � 5 . 26 '!) . 1 .,!"4 
'1'18 . 2  5 5 . 5 6  '1 1 . 1 7  n . 20 5 5  1 c n . 2  49 . 22 1 � 5 . 4 9  O . "tq78 
I O C 3 . 2  5 6 . (> 3  '12 . 3 8 0 . 2 1 0 1  1 /) 78. 2 4 8 . 50 1 0 5 . 96 ,. • ., q z s  
tO( a . 2  H . 82 '1 3 . 3 1  0 . 2 1 53 I C A 3 . 2  4 7 . 82 1 � 6 . 4 1  � . 0860 
1 0 1 3 . 2  59. 32 9 4 . 4 6  D . 2 2 u  1 1' 8 8 . 2  4 1 . 2 1  1 0 6 . 84 1 , DR19 
1 0 1 8 . 2  6 1 . 05 '15 . 6 'l  0 . 2 219 1 0'13 . 2  4 6 . 70 1 n . 24 ':t . o a n t  
1 0 2 3 . 2  62 .99 '1 6 . 7 2  " . 2 364 1 0 9 8 . 2  4 6 . 1 9  1 0 7 . fo3 � - "767 
1 n H . 2  6 3  • •  1 96. '12 0 . 2 376 1 1C 3 . 2  4 5 . 72 1 0 8 . r2 o . c n 5  
1 0 2 5 . 2  6 3 . 8 8  97. 1 6  0 . 2 396 1 10 8 . 1  4 5 . 32 1 �8 . 18 ,., .n Tt' T 
I C 2 6 . 2  (>4 . 35 9 7 . 40 "1 . 24 1 4  1 1 1 3 . 2  4 4 , 9 5  1 � 8 . 72 C oD68 2 
1 r. 2 1 . 2  64 . 8 1  9 7 , (> 4  o . 24l4 1 1 1 8 . 2  44 . 64 . , 9 . 1' 5  '=' • 'Ht51!1 
I C 1 8 . 2  6 5 . 1 3  9 7 . 9 2  " · 2 •St. 1 1 2 1 . 2  4 4 . 34 1 !' 9 .  38 1) . 0 6 1 5  
1029 . 2  6 5 . 8 2  98 . 1 4  1) . 2 4 76 1 1 2 8 . 2  44.08 . , '1 . 69 C' . � (> l 4  
1 � )0 . 2  66. 3 8  9 8 . 3 1  t' o 2 5CO 1 1 3 3 . 2  4 3 . 8 2  1 1'9 . 99 0 . 1'1594 
1 0 l l . 2  (>(> , 9(> '1 8 . 6 2  1) . 2 5 24 1 1 3 8 . 2  4 3 . 5 9  I I �  . 29 0 . 0575 
TABLE XXII 
T E MPE R A TURE S P EC 1 F I C  HEAT E L E C TR I C AL T E M P E II. A TURE 
C A P AC I T Y  R E S I S T I V I T Y  D E II. I VA T I VE OF 
II.E S I ST I V I T Y  
I KE L V I N I  I JO U L E S / C R • M  I OHM- C I'I I  C OH "' / D E CR E E I 
- AT()"' DECR E E  I lll F - 6  1'l E - b  
1 11o 3 . 2  � 3 . 3 8  l lt) .  5 7  0 . 0 5 '5 8  
l l 1t 8 . 2  lo 3 . l 'l  u n . e 5  (l ,f• '51t2 
1 1 5 1 . 2  lo3 . 0 1  1 1 1 . 1 2  0 . o  5 2 8  
1 1 5 !1 . 2  lo 2 . 81o 1 1 1 . 39 '-' • C 5 1 5  
( continued) 
TE M P E R ATURE SP E C I F I C  H E A T  
CAPAC I TY 
C K E L V I N I  I JOUL ES/ CR AM 
- A T O "'  D E:> R E E  I 
l l b l .  z 4 Z . b8 
l l b 8 .  2 4 2 . 5 2 
1 1 73 . 2  4 Z . 4t' 
1 1 7 8 . 2  �2 . 26 
E L E C T R I C• L  
II. E S I S T I V I TY 
I OH"'-CI'I t 
1 �  F-t. 
1 1 1 .  b5 
1 1 1 . 9 1  
1 1 2 . 1 7  
l l Z . Io1 
T F M P E II. ATIIU 
) f R I V U I V E  OF 
R E S I ST I V I T Y 
C OHM/ DECR E f l  
1 'l  F - �  
0 . 0 5 1" 1  
0 , "11o91 
� . �  .. � ]  
1) , 01o 7 5  
l\) w 1--' 
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TABLE XXIII 















atom degree ) 
3 6 . 00 
36 . 11 
36 . 22 
36 . 33 
36 . 44 
36 . 56 


















37 . 00  
Y/ . 12 
37 . 23 
37 . 34  
Y/ . 46 
37 . 57 
37 . 69 
37 . 80 
37 . 91 
*calculated using specimen as its own resistance thermometer . 
Adjusted to agree with thermocouple thermometry data of Figure 18, 
page 102 , in region of overlap. Estimated accuracy of this data is ±2�. 
TABLE XXIV 
MAGNETIC SPECIFIC HEAT CAPACITY C OF NICKEL 
Temperature 
(Kelvin ) 
30 . 0  
50 . 0  
100 . 0  
150 . 0  
200 . 0  
250 . 0  
300 . 0  
350 . 0  
403 . 2  
453 . 2  
503 . 2  
553 . 2  
593 . 2  
603 . 2  
613 . 2  
623 . 2  
628 . 2  
629 . 2  
630 . 2  
631 . 2  
632 . 2  
FROM 30 K TO 1030 K vm 
cvm (Joules/gram­
atom degree ) 













1 . 84 
2 .40 
3 . 11 
4 . 09 
5 . 30 
5 . 72 
6 . 27 
7 . 04 
7 . 93 
8 . 39 
8 . 98 
9 . 74 
10 . 73 
Temperature (Kelvin ) 
633 . 0  
633 . 0  
633 . 2  
635 . 2  
637 . 2  
639 . 2  
641. 2  
643 . 2  
653 . 2  
663 . 2  
673 . 2  
683 . 2  
693 . 2  
703 . 2  
753 . 2  
803 . 2  
853 . 2 .  
903 . 2  
953 . 2  
1003 . 2 
1030 . 0  




5 . 03 
. 4 . 97 . 
4 . 44 . 
4 . 04  
3 . 69 
3 . 41 
3 . 20 
2 . 37 
1 . 94 
1 . 63 
1.41 
1 . 22 
1 . 08 
0 . 66 
0 . 45 
0 . 29 
0 . 13 
0 . 06 
0 . 03 
0 . 0  
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TABLE XXV 
MAGNETIC SPECIFIC HEAT CAPACITY C OF IRON FROM 15 K TO 1673 . 2  K vm 
Temperature 
(Kelvin) 
15 . 0  
50 . 0  
100 . 0  
150 ."0 
200 . 0  
250 . 0  
300 . 0  
353 . 2  
403 . 2  
453 . 2  
503 . 2  
553 . 2  
603 . 2  
653 . 2  
703 . 2  
753 . 2  
803 . 2  
853 . 2  
873 . 2  
893 . 2  
9D . 2  
933 . 2  
953 . 2  
973 . 2  
983 . 2  
993 . 2  
. 1003 . 2  
10D . 2  
1023.2 
cvm 
( Joules I grrun­
atom degree) 
0 . 0* 
0 . 24* 
0 . 58* 
0 . 92* 
1 . 27* 
1. 62* 
1 . 99* 
2 . 40 
2 . 86 
3 . 38 
3 . 99 
4 . 61 
5 . 33 
6 . 11 
7 . 04 
8 . 16 
9 . 52 
11 . 19 
11 . 98 
12 . 88 
D . 88 
15 . 02 
16 . 37 
18 . 15 
19 . 20 
20 . 39 
21. 79 
23 . 60 
26 . 0.5 
Temperature 
(Kelvin) 
1028 . 2  
1033 . 2  
1038 . 2  
1043 . 2  
1043 . 2  
1048 . 2  
1053 . 2  
1058 . 2  
1063 . 2  
1068 . 2  
1073 . 2  
1083 . 2  
1093 . 2  
1103 . 2  
1123 . 2  
1143 . 2  
1163 . 2  
1198 . 2  
1123 . 2  
1273 . 2  
D23 . 2  
D73 . 2  
1423 . 2  
1473 . 2  
1523 . 2  
1573 . 2  
1623 . 2  
1673 . 2  
*Obtained from smoothed curve drawn through data . 
cvm ( Joules I gram­
atom degree) 
27 . 59 
29 . 45 
31. 69 
34 . 29 
23 . 16 
21. 33 
19 . 65 
18 . 10 
16 . 96 
16 . 09 
15 . 40 
14 . 22 
D . 26 
12 . 39 
11 . 10 
10 . 14 
9 . 37 
7 . 98 
7 . 11 
5 . 81 
5 . 03 
4 . 24 
3 . 75 
3 . 29 
2 . 86 
2 . 41 
1 . 91 
1 . 38 
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TABLE XXVI 




1 . 2780 
1 . 3430 
1 . 4330 
1 . 6708 
1 . 7755 
1 . 9026 
2 . 0089 
2 . 1493 
2 . 2400 
2 . 3210 
2 . 4168 
2 . 5338 
2 . 6786 
2 . 7971 
2 . 8885 
2 . 9666 
3 . 0548 
3 . 1530 
3 . 2653 
3 . 3501 
3 . 4189 
3 . 4938 
3 . 5752 
3 . 6645 
3 . 7621 
3 . 8918 
3 . 9634 
4 . 0135 
4 . 0665 
4 . 1221 
4 . 1799 
4 . 2421 
4 . 3059 
4 . 3740 
4 . 4462 
Ordered 
Specific Heat Capacity 
(Millijoules/gram­
atom degree ) 
4 . 1635 
4 . 2348 
4 . 4553 
4 . 7910 
5 . 6231 
6 . 0164 
6 . 4606 
6 . 8372 
7 . 3415 
7 . 6885 
7 . 97_18 
8 . 3199 
8 . 7599 
9 . 2944 
9 . 7462 
10 . 0956 
10 .4166 
10 . 7513 
11 . 1424 
11 . 5535 
ll. 9132 
12 . 2050 
12 . 5042 
12 . 8264 
13 . 1804 
13 . 6237 
14 . 1659 
14 . 4997 
14 .7255 
14 . 9806 
15 . 2055 
15 . 4876 
15 .7658 
16 . 0207 
16 . 3461 
16 . 6522 
Temperature 
( Kelvin) 
1 . 2011 
1 . 2841 
1 . 3698 
1 . 5002 
1 .7448 
1 . 8439 
1 .  9859 
2 . 1227 
2 . 1956 
2 . 2671 
2 . 3500 
2 . 4489 
2 . 5660 
2 . 7121 
2 . 7910 
2 . 8422 
2 . 8970 
2 . 9556 
3 . 0204 
3 . 0908 
3 . 2093 
3 . 2579 
3 . 3091 
3 . 3655 
3 . 4248 
3 . 4879 
3 . 5555 
3 . 6280 
3 . 6851 
3 . 7276 
3 . 7727 
3 . 8204 
3 . 8701 
3 . 9217 
3 . 9765 
4 . 0334 
4 . 0938 
4 . 1571 
4 . 2242 
4 . 2977 
4 . 3625 
Disordered 
Specific Heat Capacity 
(Millijoules/gram­
atom degree) 
5 . 0165 
5 . 3978 
5 . 7685 
6 . 3355 
7 .4174 
7 . 8690 
8 . 5012 
9 . 1059 
9 . 4686 
9 . 7828 
10 . 1569 
10 . 6210 
11. 1463 
11 . 8293 
12 . 2243 
12 . 4692 
12 .7118 
12 . 9921 
13 . 3040 
13 . 5939 
14 . 2099 
14 . 4661 
14 . 7357 
15 . 0116 
15 . 3075 
15 . 6129 
15 . 9217 
16 . 3094 
16 . 5946 
16 . 8373 
17 . 0574 
17 . 2738 
17 . 5566 
17 . 8828 
18 . 1472 
18 . 4265 
18 . 7450 
19 . 0806 
19 . 4880 
19 . 8597 
20 . 2727 
TABLE XXVII 
SPECIFIC HEAT CAPACITY, ELECTRICAL RESISTIVITY, AND TEMPERATURE DERIVATIVE 
OF ELECTRICAL RESISTIVITY OF VACUUM-QUENCHED Ni3Fe IN TEMPERATURE RID IONS 
WHERE RESULTS WERE INDEPENDENT OF HEATING RATES USED IN THIS WORK 
T("PfiUTUII E S PFCI F I C HEAT EL ECTR I CAL TE MPfltATURE TfiiPfltATURE SPE C I F I C  HUT E LECTR ICAL TEMPERA TUitE 
CAPAC I T T  R ES I S T I YITY DEll I VAT l YE OF CAPACI TY R ES I ST IV I TY DEll fYAT I YE OF 
R E S I S T I V I T Y  RES I ST I V I T Y  
I K ELY f i U  fJIJJLESIGRAIII C D-C Il l  IOHIII OEGREE I C lt E L Y f i U  I JDULESIGRAII I OHII-CMl IOH"IDEr.II E E I  
- ATOll DEGit E E  I 1n E-6 1 ":'  E-6 -ATOll! OEGR E E I  l !l  E-6 1 0  E-6 
3" 8 . 2  7 5 . 58 1 5 . '1 2  " .(' 74>2 5 5 8 . 2  2 9 . 97 41l o 'l 2  (1 , 1 1 60 
31 3 . 2  2 5 . 68 1 6 . 31" c . �T67 5 6 3 . 2  30 . 0 7  4 C  . 6C 0 . 1 1 66 
3 U . 2  2 5 . 78 1 6 . 6 '1  r . "' 77B . 568 . 2  30 . 1 7  4 1 . 1 8 0 , 1 1 7 3  
3 2 3 . 2  2 5 . 8 '  l 7 . r  11 ., , (' 787 5 7 3 . 2 3 0 . 27 4 1 . 74 <: . 1 1 8 3  
3 2 8 . 2  2 5 . '1 5  1 T . 4 11  o . � sn t  5 7 8 . 2  3 C . 34 42 ,14 () , 1 1 8 '1  
3! 3 . :!  2 6 . " 4  1 7 . 11 8  � . n 11 r 2  5113 . 2  3 0 . 44 42 . '1 3  (' . 1 1 '1 5  
3 3 8 . ?  26 . 1 2 1 11 . 2 11  � . � � 1 3  5 !1 8 . 2  30 . 51 4 3 . 53 · 'J , I 2(1 5  
34 3 . 2  2 6 . 2 1  1 11 . 70 "' · "' "24 5'13 . 2  31) . 6 3  44 . 1 4 n . l 2 1 5  
348 . 2  2 6 , 2 9  l 'l o l l  ·) , (' 8'! 3  5'18 . 2  30 . 75 44 . 75 � . 1 220 
• 35 3 . 2  ? 6 . 3 8  1 '1 . 5 3  ' · �· 8!'> 2  60 3 . 2  3 0 . 11 5 45 . 36 0 . 1 2 2 11  
3 511 . :>  2 6 . 4 8  1 '1 , '1 5  1) . � 115(' 61" 8 . 2  30 . '1 5 45 . '17 " · 1 234 
3 6 3 . 2  2 6 . 5 11  zlj . l & .-, ·"' 858 6 1 3 . 2  3 t . r. 2  46 . 6" c . l 24 4  
3611 . 2  2 6 . 6 5 ' 2C . Il l  -, . "': 865 6 1 11 . 2  3 1 . 1 2 47 . 2 2 1) , 1 2 54 
3 7 3 . 2  ?6 . 7' 2 1 . 2 4 (1 . 0:0 87'1 6 ? 3 . 2 3 1 . 24 47 . 85 ':' , 1 262 
3 711 . 2  2 6 . 114 2 1 . 69 .: . C. II 8 3  62 8 . 2  3 1 . 36 48 . 47 � . 1 27(' I\) 
311 3 . 2  2 6 . 94 22 . I'! 'l o C' II'14 6 3 3 . 2 3 1 . 4 3  49 . 1 2 1' , 1 2 7 11  w 
3 1111 . 2  2 7 , r 4  2 2 . 5 8  I) , O 'Ir 6  6 3 11 . 2  3 1 . 53 4'1 . 76 r . I 2 9 P  Vl 
3'1 3 . 2  2 7 . 1 3  2 3 . 1" 3 "' , 1' 9 1 1 643 . 2  ) 1 . 6 5  1§('\ . 4':\ r , l 2'15 
3'111 . 2  2 7 . 2 1  2 3 . 4'1 ') , C 'I 1 6  648 . 2  3 1 . 75 5 1 ,C6 1) . 1 3'1 5  
4(' 3 .  2 2 7 .  �,. 2 3 . 9 5  0 . 0 '1211 65 3 . 2  3 1 . 11'1 5 1 . 72 0 . 1 3 1 4  
4 ' 11 , ?  2 7 . 311 2 4 . 4 2  "' . ':'1 915 658 . 2  3 1 . '16 5 2 . 37 1" . 1 3 2 1  
4 1 3 . 2  2 7 , 4 7  24 . 8 '1  � . 1" '142 66 3 . 2  3 2 . ')6 5 3 , C 1  ,. . 1  "2" 
4 1 11 . 2  27 , ,5 2 5 . 3 6  · v . C'I4'1 668 . 2  3 2 . 1 8  51 . 6'1 ... . 1 33'1 
42 3 . 2  2 7 . 64 2 5 . 8 4  ... . f'I C,158 . 67 3 . 2  3 2 . 211 54 . 36 r . 1 34 7  
4 211 . 2  27 . 7 2  2 6 . 3f'l :') . � '164 678 . 2  3 2 . 40 5}.; , C·4 ) . 1 3 5'1 
4 3 3 . 2  27 . 8 1  26 . 7 8  ., ,1) 970 6 8 3 . 2 3 2 . 51) 55 . 72 � . 1 31> 9  
4 3 11 . 2 2 7 . 11'1 2 7 . 2 7  o:- . t; 979 688 . 2  3 2 . 60 5 6 . 41 r . t H & 
441 . 2  2 7 . 98 27 . 7 6  , . ,.. cute 6'13 . 2  3 2 . 72 57 .-:l'l n , t 3 8 6  
44!1 , 2  2 e . c  9 28 . 2 5  (1 , 0 '1'13 6 '18 . 2  32 . 84 57 . 110 c . 1 3'17 
4 5 1 . 2  211 . 1 5  2 8 . 7 3  , , l (' (rl  70 . 2  3 2 o 'l4 5 9 , 4A c . 1 4""8 
4 5 11 . 2 2 8 . 2 3  2 '1 . B  'l o l 'l<: 'l  7C II , 2  H . C 6  5'1 . 2 1 ... . 1 4 1 7  
41>3 . 2  2 8 . ! 2  29. 74 C . 1 C 1 4  7 1 3 . 2  33 . 1 11  5 '1 . '10 (' . 1 4 2 7  
46 8 . 2  2 11 , 4( 3" . 2 5  ., , I I"  2 1  7 1 11 . 2  3 3 .  1c 60 , 6 3  ,. . 1436 
47 3 . 2  ? 8 . 4 <1  3( . 7 6  O o i C 2 8 7 Z 3 . 2 3 3 . 42 6 1 . 34 O . l ltltl> 
4 7 8 . 2  2 8 . 5'1 3 1 . 2 7 ' · 1 0 35 7211 . 2  3 3 . 57 6 2 . � 7  0 . 1 458 
41' 3 . 2 2 11 . 66 3 1 . 8 " ) · 1 " 4 3  7 3 3 . 2 3 3 . 6'1 62 . en 1' , 1 467 
4 8 1! . 2  2 11 . 74 12 . 3 2 1) , 1 0 54 738 . 2  3 3 . 8 3  6 1 . 55 � . 14H 
4'13 . 2  2 !1 . 113 32 . 84 � o l  060 743 . 2  3 3 . <16 64 . 28 0 , 1 4 q ll  
4'111 , 2  28 . '1� 3 3 . 3 8  1) . 1 0 65 74 8 . 2  3 4 . 1 C  6 5 , 0 3  n . t 5nr 
5' 3 . 2  2 <1 , , , · 3 3 . '1 1  .) , \ '1 7 5  1 C 4 8 . 2 3 4 . 44 '12 . 37 " · " 2 26 
5'. "· 2 2 <1 . 1r 3 4 . 4 5  ' · 1 C e4 1 0 5 3 . 2  3 4 . 44 '12 . 4'1 0 .0?25 
51 3 . 2  1<1 . 2r 3 5 . r r  , . t o B B  l C  5 8 . 2  3 4 . 46 '12 . 5<1 l) , r n 3  
' 1 8 . 2  2<1 . 2 7  3 5 . 54 "'� . t ,«J7 1 " 6 3 . 2  3 4 . 46 '1 2 .  71 o . c 2 2 1  
5 2 3 . 2  ?'1 . 37 3 6 . t r ·� . 1 1"4 t r  6 11 . 2  3 4 . 4'1 <IZ . fl2 � . t: ? Z l  
5 2 11 . 2  ? 9 . 44 36 . 6 5  .J . 1 1 1" 1 0 73 . 2  3 4 . 4'1 '12 . '1, " , C 2 22 
, 3 3 . 2  2'1 . 54 3 7 . 21" ') , 1 1 1 '1 1 <' 711 . 2  3 4 . 5 1  '11 ,C4 ': . C 2 1 '1  
5 3 11 . 2  2'1 . 6 1  3 7 . 7 6  l o l l 2 7  1 C 8 3 . 2  3 4 . 54 '1 3 . 1 5  0 , () 2 1 8  
5 4 1 . 2  2 <1 . 7 1  3A , 3 3  1) , 1 1 35 1 1' 11 11 . 2  34 . 54 '13 . 26 0 , (1 2 1 8  
5411 . 2  2'1 . 711 3 fl . 8 6  ·' . 1 1 42 1 0 '1 3 . 2  34 . 56 '13 . 36 C oC' 2 1 7  
5 � 3 . 2  2 '1 , flll 3 '1 . 44 " . 1 1 5 2 1 0 '1 11 . 2  3 4 . 5'1 '13 . 47 o . r 2 1  7 
'�MPFII&TtJAE S'EC J F I C  HUT 
E AP AC J TY 
I K EL Y I N I  I JOUL F S !'GUM 
- ATOM OEGREI: I 
ur ' ·  z · ·H . !I'I 
t t r ll . 2  ,4. 6 1  
1 1 1 3 . 2  14 . 6 3  
1 1 1 11 . 2  34 . 66 
1 1 2 3 . }  34 . 611 
1 1 2 8 . 2  )4 . 7 1  
1 1 3 3 . 2 34 . 7 3  
1 1 '3 8 . 2 14 . 76 
1 14 3 . 2 34 . 7 1!  
1 1 4 11 . 2  14 . 11• 
. J J 'I 3 o 2  3 4 .  e1 
1 1 5 11 . 2 3 4 . 8 5  
1 16 3 .  2 )4 . R P 
1 1 6 8 . 2  14 . '1r 
1 1 7 3 . 2  ., ... . 9 !  
1 1 7 8 . 2  H . 'l 5  
1 1 11 3 . 2  H . <l7 
1 1 8 � .  2 3 5 . '  2 
1 1 '13 . :1  3 � . r  � 
1 1 '1 11 . ?  3 5 . r 7  
J 2r 3 .  2 1 5 . J f  
1 2' 8 .  2 )5 . 1 4  
1 2 1 3 . 2  1' 5 . 17 
1 2 1 11 . 2  1' 5 . J ct  
1 22 3 . 2  '35 . 2" 
1 22 � .  2 3 5 . 2 7 
1 23 3 . 2  3 5 . 3 1  
1 2 3 8 . 2  � 5 . 36 
1 24 3 . 2  3 5 . 3<1 
1 2  ... 8 .  2 35 . ... 4 
1 2 5 3 . 2 1 5  . ... 8 
1 2 5 R . 2  � 5 . 5 1  
1 26 3 . 2  35 . 56 
E L E CTII I C&L 
A E S  J S T I Y I TY 
I OHII-C M I  
Jl) E-6 
•n . 5 '1  
9 3 . 6 9  
93 . 8C' .  
'13 . '1(' 
'14 o C 2  
'14. 1 3  
'1 4 . 2 3  
'14 . 3 3  
'1 4 . 44 
'14 . � 5  
'14 . 6 5  
'14. 76 
'14 . 8 7 
'1 4 . '1 8  
'1 5 . " 7  
'1 5 . 1 '1  
<1 5 . 2 8  
'1 5 . 3 '1  
'15 . �1" 
'l5 . 6 1  
9 � . 7 1 
'15 . 8 2  
'1 5 . '12 
'1 6 . r.  2 
'1 6 . 1 2  
'16 . 2 J  
'16 . 3 3  
'16 . 44 
<16 . 54 
9 6 . 6  ... 
'1 6 . 7 6  
'16 . 8 �  
96 . '1 7  
TABLE XXVII 
TEMPEUTUII � 
OER IYAT lYE OF 
A E S I ST J Y I TY 
I OHM/DEGREE I 
Jl') E-6 
1) . 1! 2 1 6  
, • ., :1 1 6  
" • C 2 1 6  
0 . " 2 l l•  
0 . 0 2 1 6  
... . 0 2 14 
!:1 . 0 2 1 3 
11 . 0 2 1 3  
., .c z u 
') . (' 2 1 2  
' .c 2 1 2  
') . <:' 2 1  ... 
') . 0 2 1 3  
o . c 2 t 5  
') . �' 2 1 1  
('1 .0 2 10 
() .() 2 1 2  
0 . 0 2 11" 
0 . 1' 2 1 2  
., . C'  2 1 0 
" · " 2 'l'l 
0 . C 2 f  II 
11 . 0 2C'I 
'1 . 0 2 1 "  
') .1" 2 1 1  
') . 1) 2 1 (1  
c . c 2 t" 
O . C 2':'1 
') . � 2 1' 9  
') . C\ 2 10 
I) . c  2 1 1  
, .o 2 1 2  
0 . 1) 2 1 )  
( continued) 
T E M PfiiA TUIIE SPEC IF It HFAT E L ECTII JCAL TEM ,EUTUIIT 
CAPAC I TY R ES I S T I V I TY · DERI V A T I VE OF 
Rf S I ST I Y I T Y 
· I K E L V I N I  ! J OUL ES / GR AM C OHII- CM I I OHM/OEGI\ E E I  
-ATOM DECR E E  I l'l E-6 10 f-6 
t i6 11 . 2  3 5 . 61 97 .011· C' oC' 2 Jit 
1 273 . 2  3 5 . 65 '17 o i l! 1) .1) 2 1 1 
1 27 8 . 2 3 5 . 6 11  '17 . 2'1 C' oC 2'l 7  ' 
1 21! 3 .  2 3 5 . 73 '1 7 .· 3'1 0 . 0 2() 5 
1 28 8 . 2 3 5 . 75 9 7 . 48 e . o 2 c 5  
l l'1 3 . 2 3 5 . 80 '17 . 60 C .0 2 'l �  
1 29 8 . 2  3 5 . 11 5  '17 . 70 0 . 1)2()6 
1 31'1 3 . 2  3 5 . 87 '17 . 7'1 (' . 020'1 
1 1r 11 . 2  3 5 . '12 '17 . 9C' C o 0 2 C' 'I  
1 3 1 3 . 2  3 5 . '17 .  '18 . t: 2  c . o 2 r. e  
1 3 1 8 . 2  3 5 . '1'1 '18 o i l  '= · 0 2 C 7  
1 32 3 . 2  ) 6 . 0  ... '18 . 2 1  c .02')7 
1 3 2 8 . 2  3 6 . 0'1 '18 . '3 1  c . o 2C 8  
1 33 3 . 2  ) 6 �  .... '1 11 . 43 C . C' 2C 'I  
1 3 3 8 . 2  3 6 . 16 '1 8 . 5) 0 . ':!2'1 11 
1 3  ... 3 . 2  ) 6 . 2 1  '1 8 . 64 0 . () 20'1 
1 34 8 . 2 3 6 . 2 6  '1 8 . 7  ... (' . 0 20 8  
1 3 53 . 2  3 6 . zq  98 . 8  ... O . C\ 20 '1  
1 3 5 11 . 2  3 6 . 33 '1 8 . '14 C . 0 2 l'l l\.) 
1 363 . 2  36 . 36 9'1 . (1 5  (1 . 0 2 1 1 w 
1 36 8 . 2  3 6  . .... '1'1 . 1 6 C' . 1) 2 1) '1  ()'\ 
1 3 n . 2  3 6  . ... 6 • '1'1 . 2 5  (1 . 0 20 7  
1 )7 8 . 2 36 . ... 8 9'1 . )7 0 . '· 20 6  
1 3 8 ) .  2 ) 6 . 5 )  '1 '1 . 47 t:' .1)206 
1 )8 8 . 2  3 1> . 5 8  '1 '1 . 56 ' J o 0 2 0 7  
1 39 3 . 2  3 6 . 62 9'1 . !>8 0 . 0 20 11  
1 39 8 . 2  3 6 . 6 5 "" . 8() 0 . �' 2 11 7  
J ltt:' 3 o 2  "3 6 .  7() '1'1 . 88 C .C 2C 7 
1 4C' 8 . 2  ) 6 . 7� 99 . 911 0 .0 2 ') 9  
1 4 1 3 . 2  3 6 . 77 .  101) .0'1 C' o C' 2 1 2  
J lt l 8 . 2  ) 6 . 82 1 0 0 . 20 o . o 2 1 r:  
J lt2 3 .  2 )6 . 87 J(l') . 2'1 0 . 0207 
TABLE XXVIII 
SPECIFIC HEAT CAPACITY, ELECTRICAL RESISTIVITY, AND TEMPERATURE DERIVATIVE 
OF ELECTRICAL RESISTIVITY OF VACUUM-QUENCHED Ni3Fe PULSED FROM BELOW THE 
ORDER-DISORDER CRITICAL TEMPERATURE WITH CLASS I HEATING RATE IN 
TEMPERATURE RIDION WHERE RESULTS WERE HEATING RATE DEPENDENT 
TEI'IPEitATIJRE SPEC I F I C  HEAT El ECTR I CAL T E '4 P E R A T UR E  
CAPAC I T Y  R E S I S T I V I TY DER I VAT I VE OF 
R E S I ST I V I T Y  
I KE LY I N I  f JOUL E S IGRAM . I OHM-C M I  f 0H'4/DEGRI' E I  
7'!1 '1 . 7  
75 8 . 1  
76 3 . ?.  
76 8 . 2  
77 3 . 2  
7 78 . 2  
78 3 . 2  
7 8 8 . 2  
7 9 3 . 2  
7911 . 2  
11( 3 . 2  
ar 11 . 2  
11 1 3 . 2  
81 8 . 2  
82 ) . 2 
1128 . 2  
83 3 . 2  
8311 . 2 
843 . 2  
84 8 . 2  
115 3 . 2  
11 � 11 . 2  
8 5 9 . 2  
1160 . 2  
116 1 . 2  
1162 . 2  
86 3 . 2  
1164 . 2  
1165 . 2  
866 . 2  
116 7 . 2  
86 8 o 2  
86 9 . 2  
8 70 . 2 
8 7 1 . 2  . 
11 7 1 . 6  
17l o 6  
- ATOll DEGR E E !  1 0  E-6 1 0  E-6 
34 . 27 
34 . 39 
34 . 5 4  
3 4 . 7 1  
34 . 11 11 
3 5 . r 2  
3 5 . 2 2  
3 5 . 4 1  
3 5 . 5 3 
3 '!1 . 8f 
3 6 . 1' 2  
3 6 . 24 
36 . 411 
3 6 . 72 
3 7 . 0 1  
3 7 . 30 
3 7 . 6 2  
3 7 . 98 
311 . 42 
3 9 . (  8 
39 . 73 
4C . 5 11  
4C o 78 
4C . 9 7  
4 1 . 1 9  
4 1 . 4 1  
4 1 . 65 
4 1 . 9 2  
4 2 . 1 11  
4 2 . 4 7  
4 2 . 79 
43 . 1 3  
4 3 . 4'!1 
4 3 . 8 1  
4 4 . 1 7  
4 4 . 3 7  
39. 1 7  
6 5 . 7 11  
6 6 . 5 5  
67 . 3 1  
611 .0 6 
68 . 84 
69. 6 3  
71" . 4 2  
7 1 . 2 1  
72 . 0 0  
72 . 11 2  
73 . 6 1  
7 4 . 4 4  
7 5 . 2 9  
76 . 1 1  
76 . 9 8  
77. 8 3  
711 . 70 
79 . 6 1  
8C . 5 1  
8 1 . 4 6  
11 2 . 40 
8 3 . 40 
8 3 . 6 1  
113 . 8 1  
114 . 0 2  
11 4 . 24 
114. 4 3  
1!4 . 6 6  
114. 11 9  
115 . 0 9  
11 5 . 3 2  
85. 5 7 
115 . 11 1  
8 6 . 0 5  
8 6 . 3 0  
8 6 . 40 
ll6 o 40 
'l . l 5 1 3  
1) . 1 5 1 11  
1) . 1 526 
0 . 1 538 
'l . 1 554 
0 . 1 5 7 1  
0 . 1 5 86 
0 . 1 594 
0 . 1 605 
? . 1 6 20 
0 . 1 6 311 
O o l 6 54 
:> . 1 6 71 
0 . 1 692 
0 . 1 7 1 3  
� . 1 7 37 
0 . 1 765 
0 . 1 799 
0 . 1 8 37 
0 . 1 887 
'l o l 9 51 
0 . 2 0 40 
0 . 20 6 1  
0 . 2 0 8 1  
O o 2 l lt' 
0 . 2 1 38 
. 1) . 2 165 
0 . 2201 
0 . 2234 
0 . 2 269 
0 . 2 306 
0 . 2347 
0. 2 3 115 
O o 2 43!l 
0 . 2477 
0 . 2493 
o . U88 
T E M P ERATURE S PE C I F I C  HE A T  E L E C T R I CA L  T F M PERATURE 
CA PAC I TY - ES I S T IV I TY DER IVAT I V E  OF 
R F S I ST I V I T Y  
I K ELV I N I  I J OULESIGR AM I OHM-CM I I OHMIOEGRE E I  
1172 . 2  
873 . 2  
1178 . 2  
8 11 3 . 2  
8 11 8 . 2 
893.2 
898 . 2  
90 3 . 2  
90 11 . 2  
9 1 3 . 2  
91 8 . 2  
923 . 2  
92 8 . 2  
933 . 2  
938 . 2  
94 3 . 2  
94 8 . 2  
953 . 2  
9 5 8 . 2  
963 . 2  
96 11 . 2  
97 3 . 2  
978. 2 
983 . 2  
988 . 2  
993 . 2  
998 . 2  
1 0 0 3 . 2  
10 0·11 . 2  
10 1 3 . 2  
1 0 1 8 . 2  
1 0 2 3 . 2  
1 0 2 8 . 2  
1 0 3 3 . 2  
1 0 3 11 . 2  
1 04 3 . 2  
- ATOll DEGR E E !  1 0  E-6 10 E-6 
3 9 . 10 
3 8 . 9 11  
3 8 . 57 
3 11 . 54 
3 8 . 79 
3 9 . 0 0  
3 8 . 98 
3 9 . 1 5  
39 . 1 7 
3 1! . 116 
38 . 32 
3 7 . 114 
37 . 1 6 
3 6 . 4 1  
3 5 . 85 
3 5 . 5 3  
3 5 . 27 
3 5 . 1 0 
3 4 . 85 
34 . 611 
3 4 . 66 
3 4 . 46 
3 4 . 39 
34. 37 
34. 37 
3 4 . 34 
34 . 34 
34 . 34  
34 . 37 
34. 37 
34. 37 
34 . 39 
34. 39 
3 4 . 42 
3 4 . 42 
34 . 44  
1!6 . 45 
86 . 56 
11 7 . 10 
8 7 . 53 
87 . 89 
8 11 . 19 
1111 .43 
8 8 . 63 
8 8 . 8 1  
8 8 . 96 
1! 9 . 0 9  
8CJ . 2 1 
119 . 34 
8 9 . 47 
11 9 . 60 
89 . 74 
8CJ . 88 
9:J . 0 2  
90 . 1 5 
90 . 30 
9') .43  
90 . 57 
90 . 70 
90 . 1!2 
90 . 95 
9 l ot' 7  
91 . 20 
9 1 . 32 
9 1 . 44 
91 . 57 
9 1 . 68 
9 1 . 80 
9 1 .92 
92 .03 
9 2 . 14 
9 2 . 26 
t' . l 2 5 2  
0 . 1 200 
0 . 0972 
O . C'796 
0 . 0 6 '5 7  
1' . " 545 
C . C448 . 
1' . (1 3 7 7  
c . n 3 1 6  
c . n 279 
0 · "  2 � 9 
0 . 1' 2 5 2  
0 . 1) 2 56 
0 . 0260 
c . 0 2 7 1  
0 .1' 277 
0 . 0 2 7 8  
0 . 0278 
C . 0 274 
O . C' 27C 
t:- . 0 265  
O o0 26C 
0 . 0 2 57 
1) . 1' 2 5 4  
r . o  z � r  
c . 0 24 7 
0 . 0 246 
0 . 0246 
O . C 24C 
0 . 0 2 ) 7  
0 . 023 7 
C o 'l 2 3 5  
o . c 2 3C' 
0 . 0229 
0 .0229 
0 . 0 2 2 8  
1\.) w -.J 
TABLE XXIX 
SPECIFIC HEAT CAPACITY, ELECTRICAL RESISTIVITY, AND TEMPERATURE DERIVATIVE 
OF ELECTRICAL RESISTIVITY OF Ni3Fe PULSED FROM 75 DEGREES ABOVE THE 
ORDER-DISORDER CRITICAL TEMPERATURE WITH ClASS I HEATING RATE 
TE�PERATURE SPEC I F IC HEAT ELE CTR I CAl TE�PERATURE 
C A P A C I T Y  R E S I S TI V I T Y  OER IVAT I VE OF 
R E S I ST I VI T Y  
I K E LV I " I  I JOUL fS/GRA� I OH�C � I  I OH�/DEGR f E I  
84 8 . 1 
8 '5 3 . 2  
8'5 8 . 2  
8'59 . 2  
86"' . 2  
Bf. 1 . 2  
11(1. 2 . 2  
86 3 . 2  
864 . 2  
86 5 . 2  
866 . 2  
!167 . 2  
86 8 . 2  
869 . 2  
869 . '5  
869 . 5 
117(' . 2  
en . z 
8 7 1 . 1  
873 . 2  
-ATO" OEGR EE I 1fl E-6 1 0  E-6 
3 R o 'i !l  8 1 . 9 1  ') . 1 899 
'3 9 . (1. 1  8 2 . 9C 0 . 1 968 
4( . 4 1  8 '3 . 9 1  a . 2C'64 
4r . 6 1  84. 1 1  -, . 20 9 1  
4 ('  . 8 2  84 . 3 1  0 . 2 1 1 8  
4 1 .C' Z  8 4 . '5 1  a . 2 144 
4 1 . 14 8 4 . 7 3  I') . 2 116 
4 1 . 4 8  11 4 . 9 6  " - 2 2 1 3  
4 1 . 1 2  85 . 1 8  0 . 2 245 
4 1 . 99 8 5 . 41) " - 2 278 
4 2 . 26 8 5 . 6 5  0 . 2 3 1 8  
42 . 55 8 5 . 8 7  ·l . 2 359 
4 2 . 8 1  86. ':: 8 'l o 2 4')0 
43 . 1 '5  8 6 . 31' 1 . 2 444 
4 3 . 2'5 86 . 3 8  '1 . 2456 
3 1 . 89 86 . 3 8  '1 . 1 2 19 
37 . 86 8 6 . 4 5 . '! . 1 171 
3 1 . 8 1  86. 5 5  ·1 . 1 1 33 
3 1 . 79 8 6 . 6 7  0 . 1 !!93 
� 1 . 11 86 . 78 ., . 1 0 53 
TE �PERATURE SPEC I F I C  HEAT ElECTR ICAL TE�PERATURE 
C APAC I TY R E S I S T IV I TY DER I VA T I VE OF 
li E S  I S T I V I T Y  
I KELVI "I I J OULES/GRA� ( 0�-C�I - I OH�/DEGRE E I  
878. 2 
8 8 3 . 2  
8 8 8 . 2  
89 3 . 2  
89 8 . 2  
90 3 . 2  
9C 8. 2 
9 1 3. 2 
91 8 � 2  
9 2 3 . 2 
928 . 2  
9 3 3 . 2  
938 . 2  
94 3 . 2  
94 8 . 2  
9 53 . 2  
958 . 2  
96 3 . 2  
968 . 2  
973,;: 
-ATO� DEGREE I 10 E-6 1 0  E-6 
3 1 . 64 8 7 . 27 0 . 0876 
3 7 . 62 8 7 . 67 0 . 0 7 2 6  
3 7 . 96 88 .00 0 . 0636 
3 8 . 0 6  8 8 . 30 0 .0 5 1 2  
3 8 . 1 5  8 8 . '5 1  0 .0 4 1 2  
3 8 . 59 8 8 . 11 0 . 0 3 5 2  
3 8 .45 8 8 . 87 (1 .1) 30 3  
3 8 . 28 8 9 . 00 0 . !!268 
3 7 . 9 1  89 . 1 3 0 .0247 
3 7 . 311 8 9 . 26 r . n24" 
3 6 . 77 8 9 . 37 0 .0 24 4  
3 6 . 19 8 9 . 5(1 0 .0 2 56 
3 5 . 65 8 9 . 63 1! . 0 2 6 3  
3 5 . 24 89 . 76 0 .0 268 
3 5 . 02 89 . 89 0 .0 2 73 
3 4 . 80
- 90 . C 3  0 .0 2 15 
34 . 68 90 . 1 1 (' .(' 21 2  
3 4 . 6 1 9, . 3 1  0 . 1) 26 8  
34. 54 90 . 44 (1 .0 263 �4 . 44 2!lo:H 2o2Z:!9 
l\) w (X). 
TABL� XXX 
SPECIFIC HFAT CAPACITY, ELECTRICAL RESISTIVITY, AND TEMPERATURE DERIVATIVE 
OF ELECTRICAL RESISTIVITY OF Ni3 Fe PULSED FROM 106 DIDREES ABOVE THE 
ORDER-DISORDER CRITICAL TEMPERATURE WITH CLASS I HEATING RATE 
T [ I'I P F R ATURE SPEC I F I C HEAT E L E C T it i CAL TEI'IPERA TURE TF. I'IPERA TURE SPE C I F I C  HfAT E L F.CTR I C A L T F I'I P ER A T UR E  
C A P AC I T Y  II E S I S T I V I T Y  D E A  I V A T  I V E  O F  C A P A C I TY R ES I ST I V I TY DER I V AT IVF OF 
R f S I S T I V I T Y  R F S  I ST I V J T Y  
I K F L V I N I  C JOUL FS/GR'l'l I OHI'I-C I'I I  IOHI'I/DEGRE E I  I K E L V I N !  I J OULES/GR AI'I . I OHI'I-CI'II I OHI'I/DEGRE E I  
- ATOI'I DEGREE I 11'1 E-6 1 1)  E-6 -ATOI'I D EC R E E !  1 0  E-6 11' E-6 
11"?9 . 2  34 . 76 8 7 . 1 !:1  I) . 0 6 8 3  92 8 . 2  3 5 . 41 89 . 30 1' .0 1  .. 4 
11113 . 2  3 4 .  9(" 11 7 . 3 '5  '1 . 1' 644 9H . 2  3 5 . 1 9  8 9 . 45 0 .(1 295 
11 8 11 . 2  3 5 . r  'I 8 7 . 6 6  'l . r  595 93 8 . 2  3 5 . 02 89 . 60 (' . 0 291' 
89 3 . 2  3'5. 11 8 7 . 9 4  'l . 0 5 ..C  94 3 . 2  3 4 . 80 8 9 . 75 0 . 1) 2 11 5  
1198 . 2  1 5 . 44 8 8 . 2" o . c 4�7 9411 . 2  34 . 7 3  8 9 . 89 0 .(' 2 8 1  
ex 1 . 2  3 '5 . 6 1  11 11 . 4 2  '! . 0436 9 5 3 . 2 1 4 . 66 90 . 0 2  <' . 1) 276 
.,� e .  2 35 . 7 3 8 8 . 6 3  0 . 0 392 958 . 2  3 4 . 54 9C . 1 1 r . c 2 1 2  
9 1 3 . 2  1'J . �f' 8 8 . 8 2  1 .C 3'57 963 . 2  3 4 . 46 "" . 30 r. .n 26 8  
9 1 8 . 2  3 5 . 8· 8 8 . 9 9 ., . ., ))) 968 . 2  ) 4 . 44 91' . 43 n .l)2 65  
92 3 . 1  3 '5 . 6 5  119 . 1 4 o . t:� 3 16 973 . 2  3 4 . 31 91:' . '56 o . 0 26C' 
l\.) w \0 
TABLE XXXI 
SPECIFIC HEAT CAPACITY, ELECTRICAL RESISTIVITY, AND TEMPERATURE DERIVATIVE OF ELECTRICAL 
RESISTIVITY OF VACUUM-QUENCHED Ni3 Fe PULSED FROM BELOW THE ORDER-DISORDER CRITICAL 
TEMPERATURE WITH ClASS II  HEATING RATE IN TEMPERATURE REGION WHEN RESULTS WERE 
HEATING RATE DEPENDENT 
T F II P F IU. TI IIIIf S P ! C I F I C  H E AT f l [ CTIII I C AL T f ii P !IIIA TUIIIE T f ii P PIIIATUIU SPEC I F I C  HHT I! LE C T R I C A L  TFMPPRATUIII E 
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DISORDER CRITICAL TEMPERATURE WITH CLASS II HEATING RATE 
TEIIP.EUTIIIIE SPEC I F I C  HUT ELE C TitiC'L TEIIPERA TURE TENPEitAr.lltE SPE C I FI C HE A T  EL£C T iti C A L  TEMPERATURE 
CAPAC I TY RES I ST IY I  U DER IV AU VE 01- CAPACI U H S I S T I YI TY O E it i Y A T I V E  OF 
RE S I S T &  V l T Y  ltES I S T I V IrY 
I <E L 'I I N I  I JOULE S/GRAN I D HN-CNI C DHIV DE-A E E I  UEL Y I N I  I JOULE Sl GRAN I DHN-CNI I DHNIDEGRE E I  
-ATOll DEGRE E I  1 0  E-6 13 E-6 - ATDN DEGREE I 1) E-6 1 0  E-6 
� n . z  3 1 , 11 �···1 D o  lUI 9Uo Z 6 lo 91 19.40 o . z9C J  
!o ll o 2  3 1 . 9 6  � 1 . 52 o. n�J 9 l � . z  69. 51 8 9 . 6 9  0 . 2893 
6 9 J o Z  u . n � 8 . 18 O o U 5� 9 U o Z  10o00 8 9 . 98 o . 2 1 n  
6 Jel o  2 ]2, 0 6  � 8 . 91 o . u n  9 1 6 o Z  10. 56 9 0 . 2 5  0 . 2159 
1 J J . 2  )2, )9 � 9 . 56 o . U 79 9 l 1 o l 1 1 . 19 90 . 5 9  0 . 21 3 9  
na. 2 ] 1 . 9 6  50. 21 o . U 9 3  9 l l o 2 1 l o 6 3  9 :J o l 6  O o 2 1 l 6  
T l l o Z  32 . 1 6  5 1) , 96 0. 1 , 0 1  9 1 8 o 1 1 1 . 15 9 0 o 9 1  0 . 2806 
1 1 1 . 2  3 2 · ' "  5 1 . 66  3 o H29 9 1 8 . 1 6 8. 18 � 1 . 00 o . zn� 
1U . 2  32. 3 5  5 2 . )1 o . U46 9 l 9 o 2 6 8. 61 9 1 . 1 1  0 . 2 154 
1 2 1 . 2  ]2,6, 5 l o lZ 0 . 1 , 6 3  920 o 2  61o l5 9 1 . 32 D . 2 6 3 1  
13 3 . 2  32.19 5 3 . 1 6  o . u e2 92l o 2  6 1. 51 9 l o 5 9  D o 2483 
n s . 2  33. 3 3  5 4 . 59 Oo 1 5 ) 2  922 o 2  6 1. 06 9 l o l4 O o 234l 
143 o 2  32 o 8 l  5 5. J1 0 . 1 5 1 5  923o 2 66.45 9 2 . 0 1  o . 2 1 96 
1,s. 2 ] ) , ) )  5 6 o U  o . u 2 1  921 . 2  63. 61 9 3 . ) 2  0 o l 546 l\.) 
1 5 3 . 2  3lo l8 5 6 . 90  O o l5�CI 9 ] l o 2  60. 51 9 ] , 6 ]  0 . 0 9 5 5  .f--. 
1 5 l o 2  ]), l !J  5 1 o 65 0 . 1 5 6 3  9l8 o 2  5 1. 60 9 3 . 98 O o 0455 Vl 
163 o Z  33.41 5 8 .45 O o l 5 84 94l o 2  5 5. 12 94. 09 0 .0 0 9 5  
16 8 o 2  3 ] , 6 1>  5 9 . 2] D o lfi ) ]  941 o 2  53. 11 94o :J 5  -0 . 0 1 5 2  
11 3 . 2  3]. 19 60 . 01 0. 11>28 953 o 2  52. 61 9 ] . 9 4  -0 , 0 1 1 1  
1Ti o 2  : n . n  6 0 . 11 O o lfi4J 95 8 o Z  5 1 . 11 9 3 . 1 3  -0 .0421 
1 11 . 2  33. 91> 6 1 . 12 Oo l 1> 59 963o 2 5 l o ZI 9] o 5 l  - O , C' 5 1 0  
1as . 2  3�. 1 3  6 2 o 50  O o l6 82 968 . 2  50. 92 9 3 . 2 2  - 0 . 0 5 6 4  
193 . 2  3�. 32 6 3 . 31 0 , 1 1 )9 91 3 . 2  5 1 . 01 9 2 . 94 -0 . 0 6 1 6  
1 91 o 2  J4, U 6 4 . 2 1  3 o l 1 26 918 . 2  5 l o 99 9 2 . 6 1  - 0 . 0 6 5 9  
1 : n .  2 34. 54 6 5. 10 0 . 1 1 32 983 . 2  5 l o 15 9 2 . 26 -0. 0660 
101 . 2  )4. 13 6 5 .95 0 . 1 1�8 9 8 8 o 2  50. 29 9 1 . 9 6  -o . C: 5 1 T  
l l 3o 2 34. 11 6 6 . 13 ::1 . 1 1 13 99 l o 2  41. 01 9 l o 66 - o . o..c 5 
u s . 2  ]5. 31 6 1 . 12 Oo l 8 0 3  99 8 . 2  4 5 . "  9 l o 52 -0 . 0 1 94 
12 J o 2  )5, ]4 6 8 . 1>4  O o l 8 2 6  l OOl o Z  �2. 35 9 l o41 -0 ,00 2 1  
1 2 1 . 2  ]5, 5 )  6 9. 56 J o l 8 5 ]  1 008 . 2  3 9. 32 9 1 . 5 1  o . OU:5 
1 n . 2  35. 12 10 o 52 o. U 8 0  lOU. 2 3 1. 11> 9 1 . 5 1 O o 0 1 13 
n a . 2· 36o 3 l  1 1 . 42 · 0 . 1 9 1 4  l O l l o Z  ) 5 . 1 3  9 1 . 6 8  0 .0 2 1 2  
14l o 2  )6. 99 1 2 . 42 3 o l 96::1 l 02l o 2  35. 00 9 1 . 79 O o 0 230 
l4l o 2  31.61 1l o �2 O o 2JD9 102 8 . 2  l�o 68 9 1 , 9 2 o . o 2 1 1  
1 5 3 . 2 31o l2 14. � 0 . 20 52 10)3 . 2  3 �. 59 9 2 o 0 3  0 .1'236 
1 5 1 . 2  39 . :) ]  15 . 49 o . 2 l 98 l t 3 l o 2  34. 29 92o l 6  O o 0 2 l 2  
11>3. 2 )9, 9 5  1 6 . 5] 0 . 2 1 5 1  l 04l o 2  )4. ]4 9 2 . 2 6  c . oz29 
161 . 2  41 . 1 6  1 1 o 6l o . u u  1048 . 2 )4. 29 9 2 o J 8  0 . 0226 
1 n . 2  u. 7 9  1 8 . 15 0 . 22 8 8  l 0 5l o 2 34. 31 9 2 o 49 0 . 0 2 2 5  
l11 o 2  �4.11 1 9 . 19 3 o Z 3 10 1 0 5 8 . 2 ] �. 39 9 2 o fll O o0 2 2 3  
au . 2  41. 1 1  l l o l l o. 2,55 l 0 6l o 2  ]4, 46 9 2 o 1 l  0 .0222 
1 11 . 2  50 . 2 2  12. 19 3. 25 54 1 06 1. 2 3 5. 61 9 2 . 8 3  0 . 0 2 2 1 
193 . 2  5 3 . 6 6  1 3 . 66  O o 26 1 1  l 01 l o 2  36o l4 9 2 . 94 
O o 0221' 
191 . 2  51. 96 1 5 . 03 o . 2ao2 l O Tio 2 3 5. 19 9 3 . 04 0 . 0 2 1 9  
t n . 2  62. ,1 1 6 . 49 o . 29 1 Z  l 0 8 l o  2 34. 56 93. 1 6  
0 . 0 2 1 1  
908 . 2  ... z1 8 1. 91 o . 29 5 1  
TABLE XXXV 
SPECIFIC HEAT CAPACITY, ELECTRICAL RESISTIVITY, AND TEMPERATURE DERIVATIVE OF ELECTRICAL 
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TABLE XXXVI 
SPECIFIC HEAT CAPACITY, ELECTRICAL RESISTIVITY, AND TEMPERATURE DERIVATIVE OF ELECTRICAL 
RESISTIVITY OF Ni3Fe IN ORDER-STATE V PULSED FROM BELOW THE ORDER-
DISORDER CRITICAL TEMPERATURE WITH CLASS II HEATING RATE 
T E � P ( R A TIJRE 
I � E L V I ,.. I 
S P E C I F I C  HFAT E L E CTR I CAL 
C A P AC I T Y  R E S I S T I V I T Y  
I JOUl f S ICR�M I OHM- C � I  
- A TO"' OEGR F.E I  1 0  E - 6  
T e "' P � O A TUR E 
OE R I V AT I Vf OF 
O. E S I S T I V I T Y 
IOH'IIOFGO.F.f I 
10 E - 6  
6 38 . 2  3 1 . 1 6 4 5 . 6 8  � . 1 2 �6 
64 3 . 2  � 1 . 1 6  4 6 . 3 4  , . 1 2 6 1  
6 "o 8 o 2  3 1 . 24 46 . '1 7 � . 1 2 7 3  
6 � 3 . 2  H . 2 6  4 7 . 5 '1  j . 1 2 • 2 
6 � 8 . 2  3 1 . � 3  4 8 . 2 4  c . 1 2 '� t  
6 6 3 . 2  ' 1 . 4 3  4 8 . '1r � . 1 3�� 
6 6 � . 2  3 1 . 55 4'1 . 5 6 0 . 1 3 1 4  
6 7 3 . 2  3 1 . 63 5C . I 'I � . 1 3 2 6  
6 7 8 . 2  ' 1 . 72 5c . � e (: , I B 5 
6 R 3 . 2  3 1 . € 2  5 1 . 5 4 0 . 1 34 4  
6 � 8 . 2  ' 1 . '14 � 2 . 2 5  � . 1 3 5 8  
6 '1 3 . 2  3 2 . " 6  5 2 . <� 3  � . 1 3 n  
6 " 8 . 2  3 2 . 1 3  � 3 . 62 r·. u e 2  
7 - � . 2  3 1 . 2 6 5 4 . 2 7  " . 1 3'14 
n � . 2  3 2 . 3 3  � 4 . '1 8  c . \ 41 4  
7 1 1 . 2  3 2 . 4 5 5 5 . 7 C  1 . 1 4 1 4  
7 1 8 . Z  3 2 . 6" 56. 3 '1  O . l 't2 8  
7 2 1 . 2  3 2 . 7 2 5 7 . 1 2  ) . 1 4 l'l 
7 2 8 . 2  3 2 . 84 5 7 . 8 4  ) , 1 4 5't 
7 3 3 . 2 3 2 . '1 1  5 8 . 5 5 ) . 1 46� 
7 3 8 . 2  H . C 6  5'1 . 3 3  ' . 1 4 77 
74 3 . 2  H . \ 8  6r . c 7  J . l 4 P 8  
74 � . 2  3 3 . 3 2 60 . 8 2  � . 1 51 2  
7 � 3 . 2  1 3 . 4'1 6 1 . 5 8 ' · 1 5 1 8  
75 8 , 1  3 3 . 6 2  62 . 3C 0 . 1 5 3 1  
76 3 . 2  3 3 . 74 6 3 . C 'I  0 . ! 545 
7t- 8 . 2  1 3 . 8 6  6 3 . � 8  ·J . \ 5 57 
7 7 , , 2 ) 3 , q  6 4 . 1> 3  -1 . 1 5H 
7 7 8 . �  3 4 , 1 5  6 5 . 1t 5  " . ! 5 �3 
7 8 3 . 2 H . 2'1 6 6 . 2 2  J . 1 5'� 8  
7 � 8 . 2  34 , 44 6 7 . C O  � . 1 6 1 4  
7'1 1 . 2  3 4 . � 3  6 7 . 8 �  � . 1 6 3 1  
7 '1  • •  2 3 4 . 7 3  6 8 . 6 8  ) . \ 64 3  
8" ! . 2  3 4 . <> 5  6 '1 . 't 8  ) , \ 6 60 
8 C. 8 . 2  1 5 . 1 2  7(' . 30 1' . 1 6 75 
11 1 3 . 2 3 5 . 2'1 7 1 . 1 5  :l . 1 6P 8  
8 1 8 . 2  ' 5 . � 3  7 2 . C. 2  , , 1 7C 7  
8 2 3 . 2  3 5 . 75 72 . 8 6  ') , 1 7 2 7  
8 2 � . 2 3 5 . '1 5  7 3 . 74 u , l 7't6 
8 H . 2 3 6 . 1 '1  7't . 6 3  0 . ! 7�'>5 
8 3 8 . 2  3 6 . 4 11  7 5 . 4 8  ) . 1 7 8 4  
8 4 1 . 2 3 6 . 7 7  7 6 . 3 6  O , ! IIG �  
84 8 , 2  1 7 . 2 3  77 . 3C ) , 1 8 3 1  
11 5 3 . 2 3 7 . 6'1 7 8 . 2 5  J . 1 86 4  
8 5 8 . 2  H . l 3  
. 
7 '1 . ! '1  C . \ 8'16 
8 6 3 . 2 1 8 . 66 8C . C 7  1) , 1 '1 26 
8 M . 2  3 '1 . 32 8 l . C 6  ,- , 1 '16 2  
8 7 3 . 2  41': . 1 7  8 2 . 1j 4  0 . 20'l6 
8 7 11 . 2  4 1 . 2 1 8 3 . 1 1  ) . 2 0 5 6  
T E � PEO.A TURE 
l � f L V I ,.. I 
8 11 8 . 2  
8 '1� . 2  
8<> 8 . 2  
8 '1'1 . 2  
qrc . 2  
'!( ! .  2 
qc- 2 . 2  
'lr 3 .  2 
'IC 4 .  2 
'1<' 4 . '1  
'1C 4 . '1  
'1� 5 .  2 
qr 6 . 2  
'IC 7 . 2 
'1(' 8 . 1  
'lr '! . 2  
'I I C . 2 
'I l l .  2 
'1 1 2 . 2  
" 1 3 . 2  
'1 1 8 . 2  
'17 3 . 1  
'1 2 8 . 2  
" 3 3 . 2 
'! H . 2  
'143 . 2  
'14 8 . 2  
'15 3 . 2  
'1 5 8 . 2  
'16 3 . 2  
'16 8 . 2 
'1 73 . 2  
'1 7 8 . 2  
'1 8 3 . 2  
'1 8 8 . 2  
'1 '1 3 . 2  
'1 '1 8 . 2  
SPEC I F I C H f A T  F l E C T R I CAL T f "' P E R ATIJO.E 
C A P AC I TY R E S I S T I V I TY O E R I VlT I VE OF 
P E S I ST I V I T Y  
( JOUL E S/GR A M  I OH"'-CMI I �H"'IDFGR E F I  
- ATOM DFGO.E ( I  I C  E-6 10 E-6 
-� 
't 3 . 6'1 8, . 2 1  0 . 2 1 62 
4 5 . 07 86 . 30 1) . 2 1 1 4  
4 6 . 53 8 7 , 40 J . 2 2 6 5  
't6 . 87 8 7 . 64 0 . 2 2 7 6  
4 7 . 1 8  8 7 . '10 0 . 2 2 8 7  
4 7 . 40 8 8 , 07 0 . 2 2 '1 4  
4 7 . 74 8 11 . 3 1 (1 . 2 3(1 �  
't 8 . 2C 8 8 . 57 ? . 2 32 2  
4 8 .  4 '1  8 8 . 8 2  (' .  2 1 2 '1  
4 8 . 66 88 . 8'1 C . 2 H 6  
4 7 . 2 8  8 8 . '1'1 � . 2 0 6 1  
'47 . 3 5 flq , ( 5  0 . 2 ) 3 8  
4 7 . 4C 8 � . 20 , , 1 '18 7  
't 7 . 4 3  8 '1 . 4 1  O . I '!C' q  
4 7 . 45 8 1 . 55 C . l 8 5 5  
4 7 . 47 8'1 , 77 (1 , 1 77 7  
4 7 . 57 8 '1 . '15 O . I 1C l  
4 7 . 60 Q ) , Q 8  (1 , 1 6 5(1 
4 7 . 62 '1(1 , 27 :J . 1 � 7 4  
4 7 .  64 qr • 44 c .  14 qq 
4 7 . 8 1  'I ! , C 8  1:' . 1 1 '1 2  
4 7 . 7'1 '1 1 . 5'1 J . c s q e  
4 7 . 86 '1 1 . '15 � - � '> 1 2  
4 7 . 6'1 '1 2 . 2 3 !I , O ) q '  
4 7 . 35 '1 2 , 36 C . ') I '!O 
4 7 , C6 '!2 . 37 I' , O C 4 8  
4 6 . 50 '! 2 . 36 - 0 . 0') 5'1 
4 5 . 82 '1 2 . 3 1 -0 . !' 1 0 7  
�t 5  . o 5  '12 . 25 -'l . o  1 4 4  
't4 , 08 '1 2 . 1 1>  -O . IJ I 6 2  
4 3 . 1 3  q2 .0'I _, , , . � A  
4 2 , H  '1 ! . '1'1 -0 . 0 1 4 3  
�t 1 . 62 '1 1 . '14 -o . :H 2 2  
4 1 . 1 2 '1 1 . 88 -'1 , ) 1 0 6  
40 . 68 '1 1 . 84 -o . ocqq 
�t0 . 24 '1 1 . 7'1 -o . r. 0 '1 5  
3'1 . 63 '1 1 . 74 - 1) . " 1 8 3  
3 8 . 8 1  '1 1 . 6'1 - " . 0 0 5 6  
3 1 . '16 '1 1 . 66 - 0 .00 1 6  
H . C4 '1 1 . 66 o . � 0 3 4  
36 . 1'1 '1 1 . 6'1 c . 0 0 8 7  
3 5 . 5 3 '1 1 . 75 0 . 0 1 3 5 
3 5 . 0 2  '1 1 . 84 0 . 0 1 7 4 
3 4 . 7 3  '1 ! . '14 0 . 0 1 '1'1 
3 4 . 56 n . c 5  o . 'l 2 1 5  
3 4 . 5 1  '1 2  . 1 1  :> . ) 2 2 5  
34 , 44 92 . 27 O . C 2 2 8  
3 4 . 4'1 '1 2 . 3'1 0 .0 2 2 �  
3 4 . 5 1  '1 2 . 5 1 0 . 0 2 26 
1 0 (1 3 .  2 
t cr 8 . 2  
1 0 1 3 . 2  
1 0 1 11 . 2  
I C· 2 3 .  2 
1 0 2 8 . 2  
1 r. n . 2  
1 0 3 8 . 2  
1 04 3 . 2  
I C 4 8 o l 
1 0 5 3 . 2  
1 0 5 8 . 2  
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TABLE XXXVII  
SPECIFIC HEAT CAPACITY, ELECTRICAL RESISTIVITY, AND TEMPERATURE DERIVATIVE OF ELECTRICAL 
RESISTIVITY OF Ni3Fe . IN  ORDER-STATE VI PULSED FROM BELOW THE ORDER-
T E 14 P F R A TU R E  
C KF l V I !I I  
lC�l. Z 
3 9 8 . 2  
"' � . z  
4" A . 2  
4 1 3 . 2  
4 1 8 . 2  
4 ; n . z  
4 2 8 . 2  
4 3 3 . 2  
4 3 e . 2  
4 4 3 . 2  
4 4 e . ,  
4 � 3 . 2 
4 5 11 . 2 
41'> 3 . 2  
4 1>ft . 2  
4 7 3 . 2  
4 7 e . 2 
4 e 3 . 2  
4 P e . 2  
4 9 3 . 2 
4 0 e . 2  
5( 3 .  2 
� -· e .  2 
5 1 3 . ?  
5 1 11 . 2  
5 2 3 . 2  
5 ? e . 2  
5 3 3 . 2 
� 3e . 2  
5 4 3 . 2  
� 4 11 . 7.  
5 5 3 . ?  
5 5 e . 2  
5 f. 3 . 2  
5 6 e . z  
5 7 3 . 2  
5 7 e . 2 
5 P 3 . 2  
5 11 8 . 2  
11\C 3 . 2  
5 9 8 . 2  
6 " :> .  2 
6·" • •  2 
6 1 3 . 2  
6 ! e . 2  
6? l . 2  
b ? A . ?  
6 H . 2  
6 3 11 . 2  
DISORDER CRITICAL TEMPERATURE WITH CLASS II HEATING RATE 
S P E C I F I C  �FlT E l F CTR I C Al 
C A P AC I T Y  R ES I S T I V I T Y  
I JOIIl f S/ G R A.. C OHI'I- C M I  
-ATOI4 OEGR �E I 1� E - 6  
2 6 . 31 
l <\ . 4 1  
2 6 . 46 
2 6 . 5 3  
2 6 . 6C 
1 6 . 6 7  
2 ...  7 5  
2 6 . P 2  
2 6 . e 7  
2 6 . 94 
2 7 . ( 1 
2 7 . (  9 
27 . 1 3 
2 7 . 2 3  
2 7 . 2 e  
2 7 . 3 3  
2 7 . 4 3  
2 7 .  5( 
2 7 . 5 7  
2 7 . 64 
2 7 . 6 9  
2 7 . 7 7  
2 7 . e4 
2 7 . 9 1  
2 7 . 9 e  
l ft . (-f, 
2e . l 3 
2 e .  2r 
2 11 . 2 11 
2 11 .  3 �  
2 e . 4? 
2 � . � 2  
2 A .  5'1 
2 e . 6f 
2 8 . 74 
2 e . 11 1  
7. e .  '11 
2 e . 'I A 
2 9 . C 5  
2 '1 . 1 5  
2 9 . 2 2  
29. 3 2  
2 9 . 3 9  
2 9 . 49 
2� . 5fo 
2 9 . 1>6 
2'1 . B  
2 9 .  A( 
2 9 . 9( 
2 9 . '17 
1 5 . 7 8  
1 6 . 1 1  
1 1> . 4 4  
l b .  7 7  
1 7  . I  1 
1 7. 4 5  
1 1 . er 
1 11 . 1 5  
1 e .  5r 
I A . e fo 
1 9 . 1 !  
1 '1 . 5 9  
1 9 . '1 6  
2C . 3 3  
2C· . 7 1  
2 1 . � 9  
2 1 . 4 '1  
2 l . A 7  
2 2 . 2 7  
2 2 . 6 7  
2 3 . 1 7  
2 3 . 4 '1  
2 3 . 9( 
? 4 .  3 2  
2 4 . '?4 
2 5 . 1 7  
2 5 . 6 J  
2 6 o U 4  
26 . 4 11  
2 6 . 9 2  
27. 3 7  
2 7 . A 2  
2 A . ? <I  
2 e . 75 
2 9 . 2 2  
2 9 . 6 e  
3 C  . 1 6  
3C . 6 5  
3 1 . 1 3  
3 1 . 6  3 
3 2 . 1 3  
3 2 . 6 2 
3 3 . 1 4  
� 3 . b 6 
3 4 . 1 0  
3 4 . 7 1  
3 5 . 2 4  
3 5 . 79 
3 6 . 3 3  
36 . e 8  
T F 14P E R A  TIIRE 
OER IV AT l YE OF 
R F S I S T I V I T Y  
(OHM/ D E G R E E  I 
1 1  F-6 
" ·�'�•47 
1 . "' 6 5 6  
1 . C 6 6 4  
" . 0 6 7 1  
'l . C 6 A .:'I  
� . � 6 8q 
'l . �6 q 7  
r .o Tr b  
? . c  7 1 4  
-, . r 1 2r 
� . C• 7 l9 
J . (' 7 37 
o . r 74 5  
� . (' 7 54 
' .('". 7 62 
j .c. 1 1 1  
f) . C' 7 78 
� . C 7 R 7  
? . 'l 7 9 e  
C . t;" B ') T  
:l . l' e l 4  
;; . 0 8 2 2  
? . C' e 3 1  
0 . c  e4n 
, . � e 5 !  
1 . ') 8 5 9  
� .r. 8 1) 7  
.; . 0 8 76 
J . O e ll 5 
') . I' A94 
-� . r- '1 " 4  
0 .1' '1 1 3  
C . G <I 2 3  
V . "' q 3 3  
) . (' 9 4 3  
) . (' '1 5 2  
"' . r 'll'>2 
('l . t" 9 7 1  
? . 0 9 e !  
., . ( 9 9 3  
-� . 1 � '1 5  
" . I C I 5  
I� e l f"  �6 
c . t n 7  
•1 . 1 (' 4 '1  
J . 1 0 6 1  
0 . 1 0 73 
) . 1 � 11 7  
-; . ! (' 4; �  
� . 1 1 1 2  
TF M P f R l T U R E  
I K F L V I I'i l  
643 . 2  
64 e . 2  
65 3 . 2  
6 5 8 . 2  
6 6 3 . 2 
6 6 8 . 2  
6 73 . 2  
6 7 8 . 2  
6 11 3 . 2  
6 8 11 . 2 
t- 9 3 . 2  
6 9 8 . 2  
7C 3 .  2 
7C 8 . 2  
7 1 3 . 2  
n e . 2  
7 2 3 . ? 
7 211 . 2  
7 3 3 . 2 
n e . 2  
H 3 . 2  
7 4 8 . 2  
75 3 . 2  
7 5 e . 2 
76 3 . 2  
7 6 11 . 2  
7 7 3 . 2 
7 7 e . 2  
7 e 3 . 2  
7 e s . 2  
7 ' 13 .  2 
7'111 . 2  
AC 3 . 2  
er A .  2 
8 1 3 . 2  
8 1 8 . 2  
8 2 3 . 2  
8 7 11 . 2  
" ' 3 . 2  
8 3 8 . 2  
8 4 3 . 2 
A 4 8 . 2  
8 5 3 . 2  
8 5 8 . 2  
86l . 2  
8 6 8 . 2 
e 7 3 . 2  
8 7 8 . 2 
e 8 3. 2 
A 8 8 . 2 
S P E C I F I C  H F A T  E L E C T R I C A L  T F OIP E R A T i m E  
C A P A C I TY R F S I S T IV I T Y D E R I V A T I V E OF 
RF S I S T I V I T Y 
( J OUl E S / GR AM I OH M - C M I  I O H M / OEGRE E I  
- A T OI4 OEGR F E I  1 n  E-6 10 E-6 
3 0 . "5 
3 C . l 4 
3G . 2 2 
3C . 34 
3 C . 4 1  
3 C .  5 1  
3 0 . 5 8  
3 C. .  7( 
3 C . 7A 
30 . 87 
3C . 97 
3 1 . C 7  
3 1 . 1'1 
3 1 . 2'1 
3 1 . 3 e 
3 ! . 5(' 
3 ! . 61' 
3 1 . 72 
3 1 . 8 2  
3 1 . '1 4  
3 2 .1)6 
3 2 . 1 6  
3 2 . 2 8 
3 2 . 4 3  
3 2 . 5 5  
3 2 . 6 7  
3 2 .  7'1 
3 2 . '14 
3 3 . 0 8  
n . 2r. 
3 3 . �5 
3 3 . 4'1 
3 3 . 64 
3 3 . 11 1  
3 3 . 98 
3 4 . 1 5  
3 4 . 34 
3 4 . 54 
34 . TA 
3 5 .0( 
3 5 . 27 
3 5 . 56 
3 5 . 8 5  
3 6 . 2 1  
3 6 . 60 
3 7 . 1 3  
3 7 . 7 7  
3 11 . 42 
3 9 . 46 
4C . 65 
37. 43 
H . C I  
3 e . 58 
3'1 . 1 6 
30 . 73 
4) . 3 1  
4n . q q  
4 1 . 5 A  
42 . 1 1  
42 . 112 
4 3 . 46 
44 . 0 7  
44 . 73 
4� . -H 
4 6 . C  3 
4 6 . 7 1 
4 7 .  3'1 
4 8 . � 6  
4 8 .74 
49 . 44 
5(1 . 1 6 
�0 . '10 
5 1 . 6 0  
5 2 . 3 7 
5 3 . 1  I 
5 3 . 8 7  
54 . 64 
55 . 3'1 
5 6 . 2 1  
� 6 . 9'1 
57 . 8 5  
5 � . 6 7 
5'1 . 46 
6r. . 3 2 
6 1 . 22 
6 2 . 1l 6  
62 . '1'1 
6 3 . 8 8  
t-4 . AC 
6 5 . 73 
66 . 6'1 
6 7 . 67 
6 8 . 6 1  
6 9 . 64 
70 . 62 
71 . 7C 
72 . 7 3 
73 . 86 
H . C I  
71- . 1 '1 
o . u n  
0 . 1 1 3 5  
1' . 1 1 4 8  
0 . 1 1 6 2  
� . 1 !  7 5  
;> . 1 1 � '1  
0 . 1 2 3 7  
0 . 1 2 2 1  
" . 1 2 3 5  
� . 1 2 5 2  
r . 1  2 66 
fl . !  2 8 �  
0 . 1 2'1 6  
'> . 1 3 1 1 
O . I 3 2 A  
0 . 1 34 4  
0 . 1  363 
1' . 1 3 7 7  
O . ! l'l 5  
0 . ! 4 1 1 
'! . 1 4 32 
� . 1 44'1 
0 . 1 4 7 1  
r, . l 4 '1 1  
0 . ! 5 1 !!  
C .  I 5 3 �  
� . ! 5 52 
0 . 1 5 72 
1) . 1 5'1 5  
C . l 6 1 '1  
" · 1 644 
c · 1  66 7 
� . 1 6 q 7  
" · 1 1 "  
C . l 7 3 '1  
c . !  7 6 �  
0 . 1 7'16 
0 . ! 8 2 4  
I' . !  8 5 4  
O . I 8 A8 
-1 . 1 '1 ? 1'  
C' . l q56 
O . ! Q 'I I  
0 . 20 3 6  
1) . 7,0 7'1 
1' . 2 1 3 1  
(' . 2 1 8 �  
" · 2 242 
V . Z 1 1 6  
(1 . 2 3'16 
1\) +'-0+ 
T E M P F R A T1 1 R E  
( KE l V I N !  
8 0 3 , 2  
11 0 11 , 2  
o r  3 .  2 
9 1 3 . 2  
9 1 A , 2  
9 7 3 . 2  
9 2 £1 . 2  
9 2 9 . 2 
9 3 r . 2 
o 3 1 . 2  
9 3 2 . 2  
9 � 3 . 2  
9 , 4 . 2 
9 3 5 . 2 
9 3 6 . 2  
9 3 7 . 2 
o " ll . 2  
9 3 9 . 2  
9 4,. , 2  
o 4 r· . 2 
94 1 . 2  
0 4 2 . 7.  
94 3 .  2 
944 , 2  
9 4 5 . 2  
9 4 6 . 2  
9 4 7 . 2  
9 4 11 . 2  
9 t; 3 . 2 
9 "' A , 2  
9t- 3 . 2  
9 b 8 . 2  
9 7 3 . 2  
9 7 8 , 2  
c; • n . 2  
9 '1 8 . 2  
99 3 . 2  
S P F C I F I C  !! E AT 
C A P AC I T Y  
( J OUL E S / G R AM 
- A TO"' O EG R F E I 
4 2 . 2 1  
4 4 . 7 2  
46 . 6 2 
5 3 . 3 7 
5 B . r A  
62 . 79 
i'> 7 .  3( 
6 R . C l  
6 £1 . 7 1  
6 9 , 2 5  
6 0 , 8 8  
70 , 4 £1 
1r , 9 7 
7 1 . 5 3  
7 2 . C 6  
7 2 , 4 t;  
7 3 . 0 1  
7 3 . 4 2 
7 3 . 6 9 
7 3 , 6 9 
7 2 . 6 7 
7 1 . 79 
7() . 5 8  
6 o . 7 5  
6 8 . 6 1 
67 . 76 
66 , 8 2  
6 1\ , 9( 
6 1 . 1 9 
5 6 . 5 3  
5 2 .  5r 
4 9 ,  2( 
4 7 . (' 1  
46 , (  9 
46 . 8 2  
t;\ , 2 9 
5 8 , <; 3  
E l E C TR I C Al 
R E S  1 S T  I V  l T V  
I OHM-C M I 
IC E - 6  
7 7 . 3 1'  
711 . 6 11  
8(' , ·:) ()  
8 2 . '! 6  
8 4 . 5 0  
1! 6 , 1 (' 
8 7 . 9 0  
8 1' . 2 1  
£1 8 . 5 9  
8 8 . 8 9  
89 , 2 6 
119 . 6 4 
89 . 9 4 
9� . 3 1  
9r . 6 6  
q:" . q ft  
9 1 . 3 1  
9 1 . 6  7 
9 1 . 9 5  
9 2 . 0 2  
9 2 . '1 1'  
9 2 . 5 1!  
9 2 . 9 3  
9 3 . 2 1  
9 3 , 54 
9 3 . 1! 1  
94 , C  8 
9 4 , 3 4  
9 5 .  6C• 
96 . 6 5  
9 7 . 4 7  
'l ll ,  I C  
'l 8 . 5 f1 
9 8 , 'l r  
90 , 1 6  
09 , 3 2  
99 . 3  5 
TABLE XXXVII ( continued)  
T E M P E R A TUR E 
O F R I VA T I VE OF 
R E S I S T I V I T Y  
C OH "' / O f r. R E E  I 
t O  E-6 
0 . 2 4 96 
� . 2 6 1 5  
"\ . 2  744 
) . 3 0 4 5  
'1 , 3 2 2 5  
; , 3 3 74 
r , 3 4 t; 7  
0 . 3 4 6 4  
, , , 4 6 2  
0 . 3 4 5 7  
c .  3 4 51'1 
u .  3 4 4r. 
1 , 3 4 3 2  
1 . 3 4 1 0  
r; .  3 4 t"· Ci  
, • • 3 3 9 1  
-: . 3  3 7 7  
0 .  3 3 ';6 
1 . 3 3 1 5  
v .  3 3 9 8  
(' . 3 3 1 2  
1"1 , 3 2 1 8  
:.' . 3 1 1 8 
C . 3 C' l A 
<) , 2 9 2 3  
!'1 , 2 8 4 3  
0 . 2 7 59 
'l ,  26 77 
::> . 2 2 6 5  
0 .  t 8 ' 8  
IJ . 1 4 7 2  
' .  1 c 72 
O . C B 1 2  
1 . 0 6 1 0  
.'\ , ("1 4 3 1  
') . C l 9o 
- c . o t q 4 ____ _ 
TE M P F R A T U R E  
I K E l V I N )  
994 . 2  
99 5 . 2  
99 6 . 2  
9 9 7 . 7. 
99 8 . 2  
9 0 9 . 2 
1 0 " ·" ·  2 
1 0(' 1 . 2  
1C'r 2 .  2 
l (I C  3 ,  2 
1 01' 4 , 2  
I C·C 5 .  2 
t c r 6 . 2 
1 ("I( 7. 2 
l 'lC 1' , 2 
1 C C 9 ,  2 
1 1l! C . 2  
1 � 1 1 . 2  
1 ("1 1 2 . 2  
l ll l 3 . 2  
1 0 1 4 . 2  
1 � 1 5 . 2  
l t:' l 6 . 2  
1 0 1 7 . 2  
1 0 1 8 . 7 
1 0 2 3 . 2  
1 0 2 A . 2  
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ELECTRICAL RESISTIVITY OF Ni3Fe IN EQUILIBRIUM STATE 
FROM 4 . 2  K TO 1361. 8  K 
Temperature 
( Kelvin) 
4 . 2  
80 . 0  
100 . 0  
120 . 0  
140 . 0  
160 . 0  
180 . 0  
200 . 0  
220 . 0  
240 . 0  
260 . 0  
280 . 0  
300 . 0  
320 . 0  
340 . 0  
360 . 0  
380. 0  
400 . 0  
458 . 4  
463 . 9  
527 . 8  
552 . 7  
602 . 0  
645 . 2  
674 . 2  
713 . 2  
735 . 2  
755 . 2  
767 . 2  
771. 2  
773 . 9  
775 . 3  
Electrical 
Res istivity 
( Ohm-em X 10+6 ) 
2 . 81 
3 . 37 
3 . 70 
4 . 10 
4 . 52 
5 . 01 
5 . 54 
6 . 12 
6 . 76 
7 . 46 
8 . 22 
9 . 07 
9 . 98 
10 . 95 
11 . 99 
13 . 10 
14 . 27 
15 . 53 
19 . 49 
19 . 95 
25 . 19 
27 . 39 
32 . 19 
36 . 78 
40 . 21 
45 . 75 
49 . 98 
54 . 35 
57 . 65 
58 . 31 
68 . 09 
68 . 45 
Temperature 
( Kelvin) 
777 . 7  
778 . 2  
782 . 0  
785 . 0  
790 . 8  
796 . 5  
807 . 3  
817 . 2  
829 . 8  
833 . 2  
833 . 7  
835 . 7  
840 . 5  
846 . 5  
851 . 6  
858 . 1  
859 . 4  
862 . 0  
862 . 7  
863 .4  
864 . 4  
865 . 4  
867 . 5  
870 . 0  
881. 7  
975 . 9  
985 . 4  
1079 . 9  
1159 . 0  
1178 . 5  
1279 . 1  
1361 . 8  
Electrical 
Resistivity 
( Ohm- em X 10+6 ) 
68 . 92 
69 . 15 
69 . 86 
70 . 38 
71 . 47 
72 . 53 
74 . 47 
76 . 35 
78 . 83 
79 . 35 
79 .41 
79 . 93 
80 . 89 
82 . 10 
83 . 14 
84 . 61 
84 . 94 
85 . 54 
85 . 69 
85 . 79 
85 . 95 
86 . 08 
86 . 32 
86 . 54 
87 . 39 
90 . 56 
91 . 09 
93 . 34 
94 . 67 
95 .44 
97 . 46 
98 . 93 
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TABLE XXXIX 
THERMOELECTRIC POWER OF Ni3Fe IN EQUILIBRIUM STATE 
FROM 80 K TO 1362 K 
Temperature Thermoelectric Temperature Thermoelectric Power Power ( Kelvin) (Microvolts/degree) ( Kelvin) (Microvolts/degree) 
80 . 0  -7 . 90 320 . 0  -30 . 75 
100 . 0  -9 . 65 340 . 0  -30 . 50 
120. 0  -12 . 15 360 . 0  -29 . 95 
140 . 0  -15 . 10 380 . 0  -29 . 10 
160 . 0  -18 . 05 400 . 0  -28 . 00 
180 . 0  -20 . 90 462 . 7  -23 . 71 
200 . 0  -23 . 40 562 . 6  -17 . 62 
220 . 0  -25 . 60 646 . 2  -11 . 60 
240 . 0  -27 . 55 833 . 3  -2 . 73 
260 . 0  -29 . 05 975 . 6  6 . 42 
280 . 0  -30 . 00 ll58 . 6  7 . 41 
300 . 0  -30 . 55 1362 . 0  7 . 04 
TABLE XL 
ELECTRICAL RESISTIVITY AND THERMOELECTRIC POWER OF Ni3Fe 
IN STATE AT EQUILIBRIUM AT 767 K 
Temperature 
( Kelvin) 
300 . 3  
344 . 8  
419 . 8  
467 . 4  
487 . 6  
.5.50 .  2 
629 . 7  
735 . 7  
755 . 2  
Electrical 
Resistivity 
( Ohm- em x 10T6 ) 
11. 85 
14 . 20 
19 . 20 
22 . 95 
24 . 70 
30 . 43 
38 . 95 
52 . 67 
55 . 71 
Temperature 
( Kelvin) 
337 . 9  
460 . 7  
.547 . 6  
632 . 1  




-33 . 64  
-29 . 59 
-24. 29 
-18 . 72 
--8 . 08 
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TABLE XLI 
ELECTRICAL RESISTIVITY AND THERMOELECTRIC POWER OF Ni3Fe 
IN STATE AT EQUILIBRIUM AT 755 K 
Temperature 
( Kelvin) 
297 . 4  
386 . 6  
484 . 8  
533 . 9  
599 . 8  
638 . 0  
735 . 2  
Electrical 
Resistivity 
( Ohm-em X 10+6 ) 
11. 20 
16 . 17 
23 . 54 
27 . 90 





479 . 1  
600 . 5  




( Ohm-em x 10+6 ) 
-27 . 09 
-19 . 20 
-8 . 21 
ELECTRICAL RESISTIVITY AND THERMOELECTRIC POWER OF Ni3Fe 
IN STATE AT EQUILIBRIUM AT 735 K 
Temperature Electrical Temperature Thermoelectric 
( Kelvin) Resistivit;y_- ( Kelvin) Power ( Ohm-em X 10 6 ) ( Ohm-em x 10+6 ) 
297 . 9  10 . 64  375 . 2  -29 . 97 
398 . 6  16 . 29 500 . 9  -23 . 76 
513 . 3  25 . 13  616 . 6  -16 .42 
637 . 0  37 .46 736 . 0  -8 . 18 
712 . 8  46 . 83 
TABLE XLIII 
ELECTRICAL RESISTIVITY AND THERMOELECTRIC POWER OF Ni3Fe 
IN STATE AT EQUILIBRIUM AT 713 K 
Temperature Electrical Temperature Thermoelectric Resistivity Power ( Kelvin) ( Ohm-em X 10+6 ) ( Kelvin) ( Microvolts/degree ) 
298 .7  l0 . 21 363 . 5  -29 .73 
361 . 6  13 . 36 447 . 4  -25 . 59 
457 . 3  19 . 85 591. 6 -15 . 87 
585 . 2  31. 11 715 . 1  -7 . 67 
674 . 1 40 . 78 
253 
TABLE XLIV 
ELECTRICAL RESISTIVITY AND THERMOELECTRIC POWER OF Ni3Fe 
QUENCHED FROM 1400 K 
Temperature 
( Kelvin) 
86 . 2  
92 . 1  
109 . 6  
129 . 9  
153 . 1  
174 . 3  
193 . 6  
212 . 6 
232 . 9  
255 . 3  
282 . 6  
301 . 7  
321 . 2  
341. 7  
357 . 7  
372 . 9  
392 . 2  
406 . 7  
487 . 2  
488 . 5  
589 . 1  
591. 3 
Electrical Resistivity 
( Ohm-em X 10+6 ) 
5 . 02 
5 . 35 
5 . 86 
6 . 54 
7 . 45 
8 . 39 
9 . 34 
10 . 36 
11. 56 
13 . 08 
14 . 97 
16 . 33 
17 . 86 
19 .49 
20 . 92 
22 . 25 
24 . 00 
25 . 37 
33 . 52 
44 . 96 
Thermoelectric Power 
(Microvolts/degree) 
-12 . 64 
-13 .48 
-16 . 47 
-20 . 04 
-23 . 93 
-27 . 16 
-29 . 85 
-32 . 17 
-34 . 28 
-36 . 08 
-37 . 69 
-38 . 44  
-38 . 90 
-38 . 98 
-38 . 81 
-38 .51  
-37 . 90 
-37 . 36 
-33 . 42 
-26 . 80 
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TABLE XLV 
MAGNETIC SPECIFIC HEAT CAPACITY C OF DISORDERED Ni3Fe vrn 
FROM 50 K TO 1423 K 
Temperature 
( Kelvin) 
50 . 0  
100 . 0  
150 . 0  
200 . 0  
250 . 0  
300 . 0  
350 . 0  
403 . 2  
453 . 2  
503 . 2  
553 . 2  
603 . 2  
653 . 2  
703 . 2  
723 . 2  
743 . 2  
763 . 2  
783 . 2  
803 . 2  
813 . 2  
823 . 2  
833 . 2  
843 . 2  
848 . 2  
cvrn 
( Joules/  gra:rn­
atom degree) 
0 . 00 
0 . 22 
0 . 47 
0 . 72 
0 . 97 
1 . 23 
1 .49 
1 . 79 
2 . 09 
2 . 43 
2 . 81 
3 . 29 
3 . 82 
4 . 34 
4 . 60 
4 . 90 
5 . 15 
5 . 53 
5 . 95 
6 . 19 
6 . 49 
6 . 81 
7 . 21 
7 . 44 
Temperature 
( Kelvin) 
853 . 2  
858 . 2  
863 . 2  
868 . 2  
872 . 6  
872 . 6  
877 . 2  
882 . 2  
893 . 2  
903 . 2  
923 . 2  
943 . 2  
963 . 2  
983 . 2  
1003 . 2  
1053 . 2  
1103 . 2  
1153 . 2  
1203 . 2  
1253 . 2  
1303 . 2  
1353 . 2  
1403 . 2  




7 . 76 
8 ; 07 
8 . 41 
8 . 78 
9 . 13 
5 . 28 
4 . 55 
4 . 32 
4 . 19 
4 . 04 
3 . 80 
3 . 57 
3 . 38 
3 . 11 
2 . 90 
2 . 49 
2 . 09 
1 . 76 
1 . 41 
1 . 14 
0 . 83 
0 . 50 
0 . 15 
0 . 00 
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